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Worldwide, water is the single most limiting resource for crop production. Increasing 
demands for water by agricultural and non-agricultural users, together with recurring droughts, 
necessitate research to maintain and improve rainfed crop productivity. Basic understanding of 
agroecosystems that have persisted in arid enviionments will contribute to development of 
drought-resistant cultivars and ecologically sound production practices for arid and drought-
prone regions. Native Americans of the arid southwestern U.S. and northern Mexico 
developed agricultural systems that provided viable levels of production within environmental 
constraints for centuries. This research was conducted to identify biological attributes 
contributing to the reputed drought resistance of a traditional maize cultivar, and to determine 
the effects of production practices on maize productivity under arid conditions. The study 
examined the responses of Tohono O'odham maize, a cultivar native to the Sonoran Desert, 
and a modem hybrid, adapted to the North Central U.S., to five irrigation regimes. Responses 
were evaluated in the contexts of traditional indigenous and modern commercial planting 
geometries and depths. Dry matter production and partitioning, morphology, phenology, and 
stomatal behavior of these cultivars were evaluated. Tohono O'odham maize had higher 
harvest indices and lower, but more stable, grain yields per unit land area, and produced more 
grain per unit leaf area compared to the hybrid. Deep planting can enhance productivity. The 
native maize produced sm;iller plants and leaves, tillered, and tended to be prolific. Tohono 
O'odham maize emerged and developed more rapidly, and flowered earlier than the hybrid. 
Both cultivars emerged and flowered earlier when grown in the hill pattern than in the row 
geometry. In the drier season, flowering was accelerated in the native maize and delayed in the 
hybrid. Tohono O'odham maize maintained a short anthesis-to-silking interval. Each year, 
seasonal mean stomatal conductance and transpiration rates were greater in Tohono O'odham 
maize than the hybrid, with the native maize exhibiting lower rates during the vegetative phase 
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and greater rates during flowering and early grain-fill. This pattern in Tohono O'odham maize 
stomatal behavior relative to ontogeny may optimize water use over the entire season. The 
drought resistance of Tohono O'odham maize is attributable to a combination of small plant 
size, phenological and reproductive plasticity, and stomatal respcisiveness. 
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GENERAL INTRODUCTION 
Dissertation Organization 
The body of this dissertation is composed of four chapters, written as manuscripts to be 
modified and submitted separately for publication in Crop Science or other appropriate 
journals. These chapters are preceded by a general introduction and followed by general 
conclusions. References cited in the general introduction and conclusions are listed after the 
general conclusions. The introduction presents the rationale for this research, provides 
background information describing the physical environment and traditional maize production 
system of the Tohono O'odham, discusses pertinent drought resistance adaptations, and states 
general research objectives. Each manuscript chapter focuses on a specific research topic: The 
first chapter reports dry matter production and partitioning, the second describes morphology, 
the third focuses on phenology, and the final chapter examines stomatal responsiveness of 
Tohono O'odham maize. The general conclusion summarizes the findings presented in the 
chapters. Appendices provide additional details on materials and methods, present analyses of 
variance and means tables relevant to each chapter, and i r-ort general observations. 
Rationale 
Worldwide, water is the single most limiting resource for crop production. 
Environmental deterioration, rising demands for water by agricultural and non-agricultural 
users, and the threat of global climate change challenge the long-term sustainability of 
agriculture and socio-economic development in the arid and semiarid westem United States and 
other drought-prone regions of the world (e.g., Coniff, 1993; Crutzen and Graedel, 1986; 
ICIHI, 1986; OTA, 1983; Postel, 1989; Schneider, 1989; Sheridan, 1981; Worid Resources 
Institute, 1990). Water shortages will almost certainly lead to agricultural disaster if crop 
cultivars cannot be adapted to warmer and drier conditions, and if production practices are not 
modified to protect environmental resources and to accommodate climatic change. Many 
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scientists and policymakers urge expanded research to investigate adaptations of crops resistant 
to abiotic stress and to develop appropriate technologies to sustain and improve rainfed 
productivity (Crutzen and Graedel, 1986; Gresshoff, 1992; Hudgens, 1992; NRC, 1992; 
OTA, 1983; Postel, 1989; World Resources Institute, 1990). 
In the U.S., drought limits production on more than a quarter of the land area, and soils 
with low water availability occupy nearly 45% of the U.S. land area (Boyer, 1982). These 
limitations can be overcome with irrigation. In the arid and semiarid western U.S., extensive, 
highly-subsidized irrigation projects enable producers to take advantage of the high insolation, 
warm temperatures, and long growing season to obtain high crop yields (e.g., Boyer, 1982; 
CAST, 1982; Conniff, 1993; McLaughlin, 1985; OTA, 1983; Postel, 1989; Sheridan, 1981). 
Agriculture is the greatest water user. However, urban and industrial water consumers 
increasingly compete with agriculture for both surface and ground water. Increasing pressure 
for water reallocation, coupled with rising environmental and economic costs, threaten the 
region's agricultural productivity. Urbanization has removed cropland from production. Soil 
erosion has diminished water and soil quality. Intensive irrigation has resulted in soil and 
water salinization and groundwater extraction in excess of recharge, further reducing yields and 
the arable acreage. In the southern Great Plains, depletion of the Ogallala aquifer and increased 
energy costs also have reduced the irrigated acreage (CAST, 1982; Sheridan, 1981; Soule et 
al., 1990; Walker and Krenz, 1983; Zwingle, 1993). Continued mining of this ancient aquifer 
imperils crop production, as well as the communities dependent on this water resource. 
Groundwater depletion, soil salinization, deterioration of water quality, and desertification will 
intensify water demands in the Great Plains and western U.S. 
Similar environmental degradation and competition for water resources are eroding 
agricultural productivity and food security in both developed and developing nations (ICIHI, 
1986; Parfit, 1993; Postel, 1989; World Resources Institute, 1990). Arid and semiarid zones 
occupy more than a third of the Earth's land surface, with dry regions located in nearly half of 
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the world's nations (Arnon, 1972; Bruins et al., 1986; Fischer and Turner, 1978). In many of 
these dry regions, few factors required for crop growth can be controlled due to ecological, 
social, economic, or political reasons (Hudgens, 1992; ICIHl, 1986; Postel, 1989). 
Climatic factors affect water availability and crop productivity. High temperatures and 
drought during the 1987 to 1989 growing seasons contributed to lowered maize yields in the 
North Central U.S. Coarse grain stocks fell from 29 to 16% of annual consumption during the 
same period, a dangerous 45% reduction in a major component of the world food supply 
(Kennedy, 1990; World Resources Institute, 1990). Drought years in the U.S. Cora Belt may 
recur with greater frequency (Carlson, 1990). Droughts in India during the 1970s severely 
reduced crop yields and produced drinking water shortages (ICIHI, 1986; Postel, 1989; 
Swindale and Bidinger, 1981). Recurring drought in Africa has resulted in prolonged and 
massive famine, amplifying social, political, and economic instabilities. Such perturbations in 
food and water supplies are expected to increase with continuing population growth and the 
anticipated effects of global warming. 
Under a scenario of global warming, the world's precipitation patterns will shift, 
creating new and more extensive arid lends and resulting in a redefinition of the world's 
agricultural regions (Postel, 1989; Schneider, 1989; World Resources Institute, 1990). 
Models suggest that the limiting factor for production will be water, and a greater demand for 
irrigation is predicted (Monastersky, 1990; Muchow and Sinclair, 1991). However, irrigated 
acreage is declining worldwide, and the prospects for expansion are limited by economic, 
social, and environmental constraints (Brown, 1994; ICIHI, 1986; Postel, 1989; World 
Resources Institute, 1990; Zwingle, 1993). Climate change may further disrupt production on 
currently irrigated cropland. In some areas, rain is, or will be, the only affordable water source 
available for agricultural production. Rainfed marginal lands currently constitute about two-
thirds of the cultivated area in the developing world. 
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Rain could be better utilized to support agricultural productivity through management of 
storm-runoff water (Anaya, 1992; Bruins et al., 1986; CAST, 1982; Jones and Johnson, 1983; 
OTA, 1983; Perrier, 1988). Rainwater-harvesting methods have been successfully utilized in 
traditional systems throughout the world and as part of a modem agricultural system in the 
Negev Desert. These water-harvesting methods may be particularly applicable for agricultural 
development in arid and semiarid areas where high capital investment or highly technological 
systems are socially or economically unsuitable (Bruins et al., 1987; Hudgens 1992; ICIHI, 
1986; Postel, 1989). 
Rainwater-harvesting systems have been used for centuries in the desert southwestern 
U.S. and northern Mexico. Indigenous peoples of this region have adapted cultivars to arid 
conditions and have developed production systems that accommodate and manage natural 
processes to minimize abiotic stresses. Maize and other crops have been produced in this 
region for 2000 to 3000 years (Fish and Fish, 1994). The suitability of these cultivars and 
management practices for this arid environment has been demonstrated by the long-term 
viability of these agricultural systems (Cleveland et al., 1994; NRC, 1992). 
The traditional agricultural systems presently found in various Native American 
communities of the Southwest provide models of enduring systems that efficiently utilize water 
resources. Basic understanding of the adapted cultivars and agroecosystems that have 
persisted under such extreme conditions is needed in order to develop stress-resistant crops for 
rainfed conditions (Anaya, 1992; Bruins et al., 1986; Cleveland et al., 1994; NRC, 1992; 
OTA, 1983). However, knowledge of native cultivars and associated practices is rapidly 
eroding as fewer indigenous people continue to farm in the traditional manner. Loss of folk 
varieties and knowledge are thi'eatened by environmental and socio-economic changes (Brandt, 
1992; Cleveland et al., 1994; Fernandez, 1994; Oldfield and Alcorn, 1987). Components of 
enduring agricultural systems of the Southwest may contribute to the development of modem 
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sustainable agricultural systems to successfully meet the challenges of increased water demands 
in arid and drought-prone regions. 
Agricultural System of the Tohono O'odham 
The traditional agricultural system of the Tohono O'odham, the "Desert People" 
(formerly known as the Papago), is typical of indigenous systems in the Southwest. They 
have adapted maize to conditi-ms of low precipitation and humidity, high temperatures, intense 
sunlight, and occasional high winds. 
Physical Environment 
Today, the Tohono O'odham (O'odham) reside in the Sonoran Desert of northern 
Sonora (Mexico) and in the western two-thirds of southern Arizona. O'odham lands in the 
U.S. encompass an area of about 7650 km^, located west of Tucson (Hig. 1). The area is in 
the Basin and Range physiographic province, consisting of mountain ranges alternating with 
NEW MEXICO 
o Santa Fe ARIZONA 
O Albuquerque 
O Phoenix 
oTucson 
Fig. 1. Schematic map of the southwestern United States. 1 indicates the location of the 
Tohono O'odham Reservation. 2 shows the location of the experiment site at Los 
Lunas, NM. 
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valley plains, both oriented from southeast to northwest (Dunbier, 1968; Hendricks, 1985). 
Elevations range from 600 to 1200 m, generally increasing from west to east. Permanent water 
sources in the western region are scarce. Springs in the eastern areas are primarily located in 
the mountains and mountain foothills. There are no permanently flowing streams; waterways 
are ephemeral and intermittent, flowing only after rain. Most crop production occurs in the 
central area of the Tohono O'odham Nation. The central zone has wide gentle slopes, suitable 
for harvesting runoff water (Nabhan, 1983). 
Soils are primarily thermic to hyperthermic arid soils (Hendricks, 1985). Predominant 
soils of the agricultural areas are the Torrifluvents and Tremant-Coolidge-Mohall associations 
(Appendix A). Torrifluvents are deep, stratified, coarse-to-fme-textured soils. These soils 
occur on nearly-level to gentle slopes, situated on floodplains and lower alluvial fans. 
Tremant-Coolidge-Mohall association soils are deep, moderately-coarse-to-gravelly to 
moderately-fine-textured soils on nearly-level and gentle slopes, located on low fan surfaces 
and valley plains. Soil fertility levels and organic matter are generally low (Dunbier, 1968; 
Hendricks, 1985; Nabhan, 1983). 
Although the mean annual soil temperature is 22°C at 50 cm depth (Hendricks, 1985), 
unshaded desert soil surface temperatures during the summer months can exceed 70°C (Nobel 
andGeller, 1987). Soil temperatures attenuate with increasing depth. Nobel and Geller (1987) 
report that the damping depth of both wet and dry soils in the northwestem Sonoran Desc 
0.10 m. (Damping depth is defined as the depth at which the amplitude of the daily oscillation 
in temperature has decreased to 37% of the value at the soil surface.) Shading decreases the 
maximum soil surface temperature by 2°C for every 10% increase in shading. 
Generally, there are 300 frost-free days per year, from early February through late 
November (Dunbier. 1968; Hendricks, 1985). Mean air temperatures in the agricultural 
regions in January are 7 to 10°C, and in July are 29 to 32°C. Summer air temperatures can be 
as high as 49°C, and winter temperatures as low as -8°C (Fontana, 1983). 
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Average annual precipitation is about 250 mm, ranging from 130 ram in the westem 
areas to 375 mm on the eastem edge and at higher elevations of the Tohono O'odham Nation 
(Dunbier, 1968; Hendricks, 1985). Precipitation is biseasonal. In the westem regions, more 
than half of the annual precipitation occurs during the winter months. The fraction of annual 
rainfall occurring in summer increases to about 60% in the eastem area. Summer rains usually 
begin in July or August and are characteristically brief, intense, highly-localized 
thunderstorms. Winter precipitation, generally received in December and January, is more 
gentle and widespread. Annual relative humidity averages about 30% at noon. Annual 
potential evapotranspiration in the agricultural areas is 1020 to 1145 mm, resulting in an annual 
moisture deficit of more than 770 mm. The limited and sporadic precipitation supports 
Sonoran desert scrab vegetation, including saguaro (Camegiea gigantea), other cacti (Opuntia 
spp.), and desert grasslands (Dunbier, 1968; Fontana, 1983; Nabhan, 1983). 
Generally, rainfall totals have less relevance to plant-available soil moisture than the 
frequency, amount, and distribution of single rain events (Shreve, 1934). Rains of 4 to 19 nrai 
are most effective for soil penetration. Showers of less than 4 mm have little effect on soil 
moisture at 15 cm depth. A minimum of 19 mm rain is necessary to produce runoff. 
Traditional Tohono O'odham production strategies utilize storm runoff and are designed to 
maximize water availability to their crops. 
Tohono O'odham Production Practices 
Traditionally, the O'odham supplement scarce direct rainfall by locating fields on 
gently-sloping alluvial fans and at mouths of ephemeral waterways to take advantage of storm-
runoff irrigation and to replenish soil nutrients (Castetter and Bell, 1942; Nabhan, 1983 and 
1984). Tohono O'odham maize is reputed to be productive with as few as two or three runoff 
irrigations. The amount of water received by a field depends on the area of the watershed, the 
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amount and intensity of the rainstorm, slope, soil permeability, type and density of vegetative 
cover and surface litter or stones (Shreve, 1934). 
Floodwater management increases the soil's absorption of water and nutrients and 
prevents plants from being washed away. Floodwaters are controlled primarily by 
constructing brush weirs or fences at the upper edge of the field to slow and spread the water's 
flow over the field (Nabhan, 1983). The weir also reduces the deposition of large debris on 
the field. Shallow earthen berms or ridges may also be constructed to further reduce water 
velocity and to hold the water on the field longer, permitting greater infiltration. Additionally, 
the O'odham select field sites with coarser soil surface layers over finer-textured soils 
(Nabhan, 1983). Water infiltration and retention and nutrient accumulation are enhanced on 
sites with coarser, sandy surface layers underlain by finer-textured, more clayey zones (Fischer 
and Turner, 1978; Modaihsh et al., 1985; Sandor, 1995). Traditionally, O'odham do not 
apply synthetic fertilizers, but rely on nutrients provided in runoff waters (M. Andrews, 1992, 
personal communication; Nabhan, 1984). 
The growing season is defined by available soil moisture. O'odham usually sow maize 
in July or early August, immediately after the first summer rains have sufficiently wetted the 
soil to ensure good germination and stand establishment (Castetter and Bell, 1942; Crosswhite, 
1981; Nabhan, 1983). Since summer rains are characteristically brief and highly localized 
(Dunbier, 1968), the date of planting varies from field to field. The summer rainy season is 
brief and of variable duration, typically eight or fewer weeks, with the growing season 
ordinarily terminated by drought, rather than frost (Nabhan, 1983). Thus, mid-August is 
considered the latest time for planting to avoid the deleterious effects of drought or frost 
(Castetter and Bell, 1942). 
Traditionally, planting is accomplished with minimal soil disturbance, presumably 
minimizing evaporative losses of soil moisture, and reducing soil erosion. Castetter and Bell 
(1942, p. 152) describe the planting procedure: 
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The planter stood in a somewhat stooped position to make holes for the seeds, thrusting 
the stick forcefully into the moist earth one or more times...and each time pried and 
jiggled with the stick to loosen the dirt. The surface soil at each hill was never scraped 
off before digging the hole.... Holes for maize were four to six inches deep regardless 
of the type of soil only a few holes were dug at a time as they dried out quickly. 
Seeds are immediately covered with soil, and the soil surface leveled. The soil surface is not 
pressed down, presumably to allow the seedlings to emerge more easily. 
Hills are spaced approximately equidistantly, about 1 m apart (M. Andrews, 1995, 
personal communication; Castetter and Bell, 1942; Nabhan, 1983). The use of hills, rather 
than single plants arranged in rows, reduces the labor required to plant a field manually. The 
clustering of several plants may moderate soil surface temperatures by increasing shading and 
improving standability under flood or windy conditions. Contemporary traditional Hopi 
farmers in northeastern Arizona note that a hill arrangement of multiple plants also protects 
seedlings from wind damage (Manolescu, 1995). 
The greater planting depth, 10 to 15 cm, compared to the 3 to 5 cm commonly used to 
plant modem hybrid maize, may be favorable in this desert environment for several discemible 
reasons. The soil will dry less quickly at the greater depth, putting the kernel and early roots in 
closer contact with available moisture. Soil temperatures also fluctuate less at this depth (Nobel 
and Geller, 1987), Additionally, the increased depth may reduce the risk of wash-outs in 
subsequent runoff irrigations and reduce seed losses to bird predation. Hopi farmers, who 
also traditionally plant deeply (today, commonly at about 22 cm depth), concur with these 
reasons, indicating that deep planting places the seed in moist soil, ensuring germination and 
seedling survival, protects plants from flood damage, and reduces animal predation of seed 
(Manolescu, 1995). Among 34 fields, with planting depths between 10 and 33 cm, Hopi 
maize planted at 20 cm or greater depth produced 163% greater grain yield than maize planted 
less deeply in 1994, an unusually dry growing season (Manolescu, 1995). 
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O'odham harvest green roasting ears a couple of weeks after pollination, when kernels 
are immature and milky. Harvesting of mature grain usually occurs in October or early 
November, when most stalks and husks are dry (Castetter and Bell, 1942). Yield estimates of 
Tohono O'odham maize vary widely. Castetter and Bell (1942, p. 55-56, 82) report grain 
yields of 188 to 1505 kg ha"' in native fields, excluding the large fraction harvested for 
roasting ears, and 1254 to 1568 kg ha-1 at a site in central New Mexico. Nabhan (1983, p. 
107) reports that yields average between 15 and 31 g plant"' in native fields. These estimates 
do not specify plant population densities or growing conditions. The yield potential of Tohono 
O'odham maize has not been experimentally evaluated. 
Tohono O'odham Maize 
Traditional Tohono O'odham maize, "Tohono O'odham 60-day Maize", (Tohono 
maize) is a short-se.ason, open-pollinated, floury-endosperm type. Tohono maize morphology 
and relationship to other maize cultivars native to the Southwest have been previously 
described (Anderson and Cutler, 1942; Carter and Anderson, 1945; Castetter and Bell, 1942; 
Doebley et al., 1983; Nabhan, 1983). Tohono maize is reputed to be heat and drought 
resistant, and adapted to arid conditions (Native Seeds/SEARCH, 1992; Plants of the 
Southwest, 1990). Anderson (1954) asserts that Tohono maize is productive with less rain 
than any other maize. Based on empirical evidence, Nabhan (1983) attributes the apparent 
drought resistance of Tohono maize to drought escaping and drought postponement 
mechanisms. 
Drought Adaptations 
Adaptations commonly associated with the capacity to withstand water-deficit stress 
include; 1) drought escape, 2) dehydration postponement, and 3) dehydration tolerance 
mechanisms (e.g., Jones et al., 1981; Kramer, 1980; Levitt, 1980; Loomis and Connor, 1992; 
Ludlow and Muchow, 1990; Turner, 1979). Numerous mechanisms for plant tolerance to 
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water-deficit stress have been proposed and investigated (e.g., Blum 1988; Eastin and 
Sullivan, 1985; Gresshoff, 1992; Hsiao, 1973; Schulze et al., 1987). In the following review, 
only those factors relevant to the research reported in this dissertation are emphasized. Most of 
the maize studies cited focus on modem temperate-zone varieties. 
Drought Escape. Drought-escaping species avoid water-deficit stress by 
completing their life cycles or reproductive phases before the onset of drought conditions (e.g., 
Jones et al., 1981; Kramer, 1980; Levitt, 1980; Loomis and Connor, 1992; Ludlow and 
Muchow, 1990; Turner, 1979). Among desert ephemerals, rapid development and 
developmental plasticity facilitate drought avoidance. In a manner similar to that of 
undomesticated desert ephemerals, Tohono maize reportedly exhibits phenological plasticity of 
the reproductive phase (Nabhan, 1983). It escapes deleterious effects of drought by varying 
flowering time up to three weeks. Under more favorable conditions, maturity can be delayed 
up to one month. Tohono maize usually flowers in 50 to 70 days (thus, its "60-day maize" 
designation) and matures in 80 to 100 days post-planting (M. Andrews, 1991, personal 
communication; Castetter and Bell, 1942; Crosswhite, 1981; Nabhan, 1983). Among crop 
species, drought resistance may be most efficiently achieved by manipulating phenology so that 
flowering occurs during optimal conditions (Loomis and Connor, 1992; Ludlow and Muchow, 
1990; Mufioz and Salvador, 1994; Passioura, 1986). In arid environments, selection for 
earlier maturity generally results in the greatest yield gains (Jones et al., 1981; Levitt, 1980). 
Maize yield is most sensitive to drought stress during the reproductive phase (Denmead 
and Shaw, 1960), Ordinarily, maize is effectively protandrous, with the styles (silks) 
emerging from the husk enclosure shortly after the initiation of pollen shed (anthesis). Jensen 
(1971) reports that drought resistance is most directly associated with resistance to silk delay, 
and silk delay due to drought is less in genotypes adapted to warmer temperatures. While silk 
receptivity and the rate of silk growth are sensitive to ambient temperature and to moisture 
stress, pollen fecundity is primarily related to the length of the interval between anthesis and 
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silking (Herrero and Johnson, 1980 and 1981; Schoper et al., 1986). Pollen quality is reduced 
by high temperature and other environmental factors. In addition, mature pollen grains are 
viable for only a few days (Tollenaar and Daynard, 1978). Consequently, poor pollination can 
result when physiological stresses delay silk emergence until late in, or after, anthesis. 
Although anther dehiscence occurs over a period of about a week, most pollen is shed during 
the first half of this period (Sadras et a!., 1985). Thus, the reduced kernel set associated with 
asynchrony results from limited pollen at the time of silk emergence (Bassetti and Westgate, 
1994). Drought resistance, as measured by grain yield under water-deficit conditions, is 
highly negatively correlated with the length of the anthesis-to-silking interval (Byrne et al., 
1995; Guei and Wassom, 1992). 
Synchrony of anthesis and silking may be enhanced in Tohono maize by its production 
of multiple ears and basal branches (tillers) (Nabhan, 1983). Tohono maize commonly 
produces two or more ears per main stalk. Tillers, sub-equal to the main stalk, also may 
contribute to grain yield. Usually, subtending ears and tillers flower later than the tassel and 
apical ear of the main stalk. Thus, when stress delays silk emergence, the later flowering of 
tillers provides an additional opportunity for effective pollination. 
In addition to reduced anthesis-to-silking interval, number of ears per plant is highly 
correlated with yield and improvement in drought resistance (Byrne et al., 1995). Increased 
growth and development of female inflorescences are associated with water-deficit stress 
during initiation of tassel development (Damptey and Aspinall, 1976). Thus, water deficits at 
specific stages may promote ear prolificacy, as well as branching. Two-eared maize hybrids 
extract more water and produce more grain than single-eared hybrids under water-deficit 
conditions (Barnes and Woolley, 1969). Ear prolificacy and tillering contribute to yield 
stability by minimizing the likelihood of barrenness in a stressful environment and enhance 
yield under favorable conditions (Barreles et al., 1984; Hallauer and Troyer, 1972; Ludlow and 
Muchow, 1990; Schoper et al., 1986; Tollenaar et al., 1992). 
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The semi-indeterminate nature of Tohono maize ear prolificacy and tillering resembles 
the indeterminate habit of desert annual plants. Indeterminate growth provides a mechanism 
that enables plants to adjust reproductive development to exploit the given environmental 
conditions optimally (Jones et al., 1981). Such opportunistic growth and development, 
favoring reproduction, result in a higher harvest index, the ratio of grain yield to total above-
ground biomass production. Selecting for stable or higher harvest indices may be among the 
best strategies for improving crop grain yields in water-limiting environments (Donald and 
Hamblin, 1976; Fischer and Tumer, 1978; Ludlow and Muchow, 1990; Passioura, 1986). 
Rapid development, phenological plasticity, synchrony of anthesis and silk emergence, 
and a high harvest index may be involved in the apparent drought escape of Tohono maize. 
Drought postponement mechanisms may also contribute to the adaptation of Tohono maize to 
arid conditions. 
Drought Postponement. Dehydration under water-deficit conditions may be 
postponed by decreased transpiration or increased water absorption (e.g., Jones et al., 1981; 
Kramer, 1980; Levitt, 1980). Under the water-limited and high light intensity conditions 
prevalent in arid and semiarid zones, plants having a C4 photosynthetic pathway are generally 
better adapted than species with a C3 pathway. C4 species, such as maize, sorghum [Sorghum 
bicolor (L.) Moench], and millet [Pennisetum americanum (L.) Leeke], have higher 
photosynthetic rates and greater transpiration efficiencies (g biomass kg-' water) than C3 
species (Loomis and Connor, 1992). Additional plant features that can improve transpiration 
efficiency include small plant size and several leaf characteristics. 
Tohono maize tends to be short (M. Andrews, 1991, personal communication; 
Nabhan, 1983), and has condensed intemodes (Anderson and Cutler, 1942) and slender stalks 
(Carter and Anderson, 1945). Under high insolation and windy conditions, the ratio of 
potential evapotranspiration to potential photosynthesis increases with height, so that shorter 
plants are better adapted than taller plants to such conditions (Kriedemann and Barrs, 1983). 
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Additionally, less water is required to produce and maintain smaller plants with less 
evaporative surface area (Begg and Turner, 1976; Jones et al.,1981; Levitt, 1980). Smaller 
plants extract less water from the soil during vegetative development, conserving water for use 
during critical reproductive growth. Water deficits restrict plant size by restricting cell 
expansion, limiting stem and leaf elongation (Hsiao, 1973; Hsiao et al., 1985; Levitt, 1980). 
In a study conducted by Johnson and colleagues (1986), selection for shorter maize plants in 
less favorable environments resulted in a greater yield gain than at more favorable sites, 
suggesting that selection for reduced plant hi^ight is related to improved stress tolerance. In 
addition to increased grain yield, reduced plant height correlated with fewer leaves and greater 
harvest index. 
Leaf characteristics, such as leaf area, shape, and display, influence both potential 
photosynthetic capacity and transpiration, and therefore, affect plant productivity. While 
carbon dioxide enters the plant via stomata, water vapor is lost through these same portals. 
Thus, carbon uptake occurs at the expense of water. In environments where water is limiting 
and irradiance high, stomatal closure to restrict water vapor loss can result in photoinhibition 
and high leaf temperatures and may lead to metabolic damage (Chapin et al., 1987; Eastin et 
al., 1983; Levitt, 1980; Schulze et al., 1987). Although C4 species are generally better adapted 
than C3 species to such conditions, their productivity under desert conditions may be improved 
by selecting plants with leaf characteristics that further facilitate metabolically-favorable leaf 
temperatures and maximize carbon assimilation with minimal water costs. 
Tohono maize leaves are narrow and small (Anderson and Cutler, 1942; Carter and 
Anderson, 1945; Nabhan, 1983). Energy-budget models predict that small-leaved plants with 
narrow characteristic leaf dimensions are better adapted to desert conditions than plants with 
large or broad leaves (Gates, 1980; Parkhurst and Loucks, 1972; Smith and Geller, 1980; 
Taylor, 1975). Since all the light available cannot be used and water is limiting in desert 
environments, reductions in photosynthetic area may be offset by water conservation 
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advantages conferred by the reduced transpirational area of smaller leaves. Among 
undomesticated grass species, narrow leaf width is strongly associated with drought-resistant 
species (Redmann, 1985). Small, narrow leaves require less transpirational water to maintain 
leaf temperatures favorable for photosynthesis, because the greater perimeter-to-area ratio 
enhances convective cooling (Gates, 1980; Kriedemann and Barrs, 1983). Wind also 
contributes to convective cooling (Gates, 1980; Nobel, 1974). Convective cooling, a function 
of boundary-layer resistance, becomes more important than evaporative cooling under xeric 
conditions (Mansfield and Jones, 1976; Schulze et al., 1987). 
Boundary-layer resistance may be altered by changes in leaf display. Similar to other 
maize cultivars, Tohono maize leaves roll inward and become more erect in response to water-
deficit stress (Nabhan, 1983). Rolling or folding of leaves is characteristic of wild drought-
resistant grass species (Redmann, 1985). Leaf involution is assumed to alter boundary-layer 
resistance of the leaf, conserving water with a minimum reduction in carbon dioxide uptake 
(O'Toole and Cruz, 1980; Redmann, 1985; Smith and Geller, 1980). Additionally, rolled 
leaves are more erect (Shields, 1951; Weatherwax, 1923). Upright leaves have greater 
photosynthetic efficiency per unit radiation intercepted (Mock and Pearce, 1975). 
A reduction in exposed leaf area, via leaf rolling or a more erect leaf orientation, 
decreases intercepted radiation, resulting in a reduced leaf heat load (Gates, 1980; Jones et al., 
1981; Kriedemann and Barrs, 1983). A reduced heat load diminishes the water required for 
evaporative cooling in order to protect the leaf from photoinhibition or metabolic damage that 
can result from excessive temperatures under high irradiance (Gates, 1980; Redmann, 1985; 
Schulze et al., 1987). Thus, a lower heat load during stress periods would maintain leaf 
temperatures closer to ambient with minimal transpirational water loss and reduction in carbon 
dioxide uptake. Under windy conditions, common in the Southwest, leaf rolling also may 
improve the efficiency of stomatal closure by enhancing water conservation (O'Toole and 
Cruz, 1980). 
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In addition to small leaf area and alterations in leaf display, higher stomatal density and 
decreased stomatal diffusive resistance may confer adaptive advantages under conditions of 
high irradiance and water deficits (Levitt, 1980; Lichtenthaler, 1985). In a comparison of 
drought susceptible and resistant maize hybrids, midday diffusive resistances did not differ 
throughout the growing season under irrigated conditions in Florida (Lorens, 1987a). Under 
water-deficit conditions, however, the diffusive resistances of both hybrids increased, but the 
stomata of the susceptible hybrid closed sooner and exhibited higher stomatal resistances than 
those of the drought-resistant hybrid. The open stomata of the drought-resistant hybrid may 
facilitate the maintenance of favorable leaf temperatures and carbon assimilation. Consistent 
with greater carbon assimilation under water-deficit conditions, the drought-resistant hybrid 
exhibited smaller reductions in crop growth rates, leaf area indices, total biomass accumulation, 
kernel number, and effective grain-fill period than the drought-susceptible hybrid; these 
parameters were similar in both hybrids under well-watered conditions (Lorens et al., 1987b). 
Capacity to maintain photosynthesis under water-deficit stress may be a drought resistance 
adaptation (Henzell et al., 1976). Stomatal conductance correlates with photosynthetic 
capacity, and stomatal aperture mediates carbon dioxide diffusion and water loss (Wong et al., 
1979). 
Maize grown under water-deficit conditions produces leaves with more and smaller 
stomata than well-watered maize (Kiesselbach, 1949; Levitt, 1980). Stomatal size and 
geometry also influence resistance (Gates, 1980). More, but smaller, stomata may enable the 
plant to maintain open stomata, enhancing carbon assimilation while restricting water loss. In 
the Lorens et al. (1987b) study, stomatal size and density were not examined, and the 
differential responses observed were attributed to lower leaf diffusive resistance and higher leaf 
water and turgor potentials (and lower osmotic potential) in the drought-resistant hybrid. In 
addition, the drought-resistant hybrid developed deeper and more extensive root systems in 
unirrigated treatments than the susceptible hybrid, suggesting that root distribution may 
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contribute to drought resistance (Lorens et al., 1987a). Maintenance of transpiration under 
drought conditions permits continued photosynthesis and growth, so that the expenditure of 
water contributes to yield (Levitt, 1980; Loomis and Connor, 1992). 
In order to maintain open stomata for carbon assimilation, water must be provided to 
leaves in sufficient amounts to meet the evaporative demand on the leaves. Therefore, drought 
postponement involves maintenance of water uptake (e.g., Jones et al., 1981; Kramer, 1980; 
Levitt, 1980; Ludlow and Muchow, 1990; Passioura, 1981). Water uptake is a function of the 
water potential gradient between the soil, the plant, and the atmosphere, and the many factors 
that influence this gradient, including root-to-shoot ratio, root length, and root distribution 
(Levitt, 1980; Passioura, 1981; Schulze et al., 1987; Taylor and Klepper, 1978). 
Although the Tohono maize root system has not been studied, Nabhan (1983) 
postulates that Tohono maize has a relatively high root-to-shoot ratio. In water-limiting 
environments, annuals commonly develop high root-to-shoot ratios (e.g., Begg and Turner, 
1976; Fischer and Turner, 1978; Jones et al., 1981; Levitt, 1980; Schulze et al., 1987). In 
maize, as well as in other species, a higher root-to-shoot ratio is associated with preferential 
root growth and deeper rooting (Hsiao and Acevedo, 1974). In maize seedlings, root growth 
is favored over shoot growth at low water potentials (Sharp et al., 1988). Drought-tolerant 
sorghum varieties also have higher root-to-shoot ratios, more primary and secondary roots, 
greater root weights, and greater root volume (i.e., deeper soil penetration) than susceptible 
cultivars (Jordan and Miller, 1980). 
Several farmers and gardeners familiar with Tohono maize contend that its root system 
is extensive and deep, and lacks aerial adventitious roots (nodal roots) (E. Moore, A. Cooley, 
and R. Buhrows, 1990, personal communications). This assertion is consistent with reports 
that roots tend to grow more vertically in warmer, drier soils than in cooler, wetter soils 
(Kiesselbach, 1949; Ritchie et al., 1992). Although seminal roots remain functional in some 
maize varieties, their function usually declines after the seedling stage, and adventitious roots 
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become the principal water absorbing organs. Since adventitious roots require moisture in the 
soil surface layer to initiate growth (Fischer and Turner, 1978; Kiesselbach, 1949), nodal roots 
may develop less commonly under the arid conditions of the Southwest. Thus, seminal roots 
may be relatively more important for water uptake than nodal roots in maize adapted to arid 
environments. Several southwestern maize cultivars have a persistent primary seminal root, or 
radicle (Collins, 1914). One of these cultivars, Hopi maize, is reputed to be highly drought 
resistant and is described as having a "deep taproot" (Seeds for Change, 1990, p. 25). Its 
seminal roots function throughout the life of the plant (Collins, 1914). Radicles of Hopi and 
other southwestern cultivars develop more strongly, are larger, and extend to greater depth 
relative to other maize varieties. 
Seedling root growth is important for drought survival (Sharp et al., 1988), suggesting 
that the emphasis on primary root growth exhibited by southwestem maize cultivars may be an 
adaptive mechanism. Preliminary screening of ten Pueblo maize accessions, native to semiarid 
New Mexico, have shown that these cultivars allocate significantly more growth resources to 
seedling root growth and development, in terms of both radicle length and total root system dry 
matter, than inbred B73 or open-pollinate Golden Cross Bantam when exposed to high 
temperatures during germination (Salvador and Rayapati, unpublished data). Because the 
growing season for these cultivars, as well as those studied by Collins (1914), is defined by 
the frost-free period, planting customarily occurs in late Spring when precipitation is rare and 
windy conditions are prevalent. Thus, these cultivars require mechanisms that facilitate 
seedling survival through early-season drought. In contrast, Tohono maize is more likely to 
encounter water-deficits later in its growing season, necessitating adaptations that extend water 
availability over a longer period. 
Nabhan (1983) suggests that Tohono maize has shallow, spreading roots, rather than 
deep roots. Some researchers believe that the assimilate costs to produce a deep rooting system 
may be greater than the potential gain from extracting water from deeper soil layers (Chapin et 
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al., 1987; Ludlow and Muchow, 1990; Passioura, 1986). Shallow, spreading roots permit 
more water to be absorbed from the soil surfaco layers during brief summer rains, when 
precipitation may be insufficient to wet soils deeply. In an arid climate, however, the upper 
soil zones also would be expected to dry rapidly and be wetted infrequently. In addition to 
rooting depth, many interacting factors affect water uptake, including root length density, and 
root and soil hydraulic conductivity (e.g., Fischer and Turner, 1978; Ludlow and Muchow, 
1990; Passioura, 1981; Taylor and Klepper, 1978). These factors have not been evaluated in 
relation to Tohono maize or other southwestem maize cultivars. 
Dehydration Tolerance. Dehydration tolerance consists of molecular adjustments 
that allow membrane and cellular structures and enzymes to be maintained during periods of 
water-deficit stress and to recover quickly when conditions become more favorable (e.g., Begg 
and Turner, 1976; Eastin et al., 1983; Hsiao and Acevedo, 1974; Jones et al.,1981; Kramer 
1980; Levitt, 1980). These characteristics may include osmotic adjustments, heat-shock 
proteins, and hormonal changes. Among 204 lowland tropical maize cultivars, however, 
selection for increased osmotic adjustment capacity provided no advantage under drought 
conditions (Bolaiios and Edmeades, 1991). Tohono maize has not been examined for 
dehydration tolerance adaptations. 
Summary. The length of the Tohono maize growing season is highly variable, with 
more water available early in the season and less available as the season progresses. Tohono 
maize reportedly accommodates the variability in the onset of drought through its rapid 
development and phenological plasticity (Nabhan, 1983). In addition to these drought-escape 
mechanisms, the small plant size and leaf display of Tohono maize are proposed by Nabhan 
(1983) as adaptive traits to conserve water and delay drought effects. Several additional 
characteristics, including morphological features and stomatal responsiveness, may contribute 
to the apparent drought resistance of Tohono maize. 
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High variability in water availability from season to season likely exerted selection 
pressure on Tohono maize for drought resistance mechanisms that facilitate a balance between 
water conservation and expenditure over a range of water conditions. Tohono maize was 
adapted to its desert environment by a combination of directed biological evolution and 
agronomic management. Thus, Tohono maize adaptations may be better understood by 
including features of its customary production system in the study of this cultivar. 
In maize production areas where few factors required for crop growth can be 
controlled, for ecological or socio-economic reasons, and conditions are highly variable and 
often stressful, open-pollinated maize cultivars are preferred for the yield stability these 
cultivars can often provide (Brush, 1995; Pandey et al., 1991). Cultivars that exhibit yield 
stability produce reliable yields under a range of growing conditions. Thus, in developing 
countries, open-pollinated maize cultivars are more commonly grown than hybrids. Open-
pollinate yields can be successfully improved while yield stability is retained. Therefore, 
expanded understanding of existing stress-resistant, open-pollinated maize cultivars can 
advance crop improvement for areas where highly stressful or variable conditions are prevalent 
(Boyer, 1982; NRC, 1992; OTA, 1983; World Resources Institute, 1990). 
Objectives 
Increasing demands for water and food, coupled with economic and environmental 
imperatives to utilize resources in a sustainable manner, necessitate that crops be adapted to 
adverse conditions (e.g., Boyer, 1982; Hudgens, 1992; NRC, 1992; OTA, 1983; World 
Resources Institute, 1990). Identification and understanding of the factors that contribute to 
the productivity of existing open-pollinated maize cultivars adapted to extreme conditions, such 
as Tohono maize, will facilitate the development of stress-resistant crops, particularly for low-
input, high-risk environments. 
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This research extends the agroecological work of Nabhan (1983) to examine putative 
elements of the apparent drought resistance of Tohono maize. This study explores both plant 
characteristics and production practices that may affect the adaptation of Tohono maize to arid 
conditions. Productivity, morphological, phenological, and physiological responses of 
Tohono maize and a modem hybrid, adapted to the semihumid to humid North Central U.S., 
to a range of irrigation regimes are assessed. Responses are evaluated in the contexts of 
traditional indigenous and modern commercial planting geometries and depths. General 
objectives of this research are to: 
1) Identify biological attributes contributing to the reputed drought resistance of 
Tohono maize; and 
2) Determine the effects of production practices on the productivity of maize 
under arid conditions. 
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CHAPTER 1. 
DRY MATTER PRODUCTION AND PARTITIONING OF 
A DESERT-ADAPTED NATIVE AMERICAN MAIZE CULTIVAR 
A paper to be submitted to Crop Science 
Deborah A. Muenchrath* and Ricardo J. Salvador 
ABSTRACT 
Water is the single most limiting resource for crop production. Native Americans of the 
arid southwestern U.S. and northern Mexico have developed agricultural systems that for 
centuries provided viable levels of production within environmental constraints. This research 
was conducted to identify biological attributes contributing to the reputed drought resistance of 
a traditional maize cultivar and to determine the effects of production practice on maize 
productivity under arid conditions. The study examined dry matter production and partitioning 
responses of a maize cultivar, native to the Sonoran Desert, and a modem hybrid, adapted to 
the semihumid to humid North Central U.S., to five irrigation regimes. Responses were 
evaluated in the contexts of traditional indigenous and modem commercial planting patterns and 
depths. Relative to the hybrid, the native maize had lower, but more stable, grain yields and 
produced greater harvest indices and more grain per unit leaf area. The effects of planting 
pattern and depth on yield responses differed between the native and hybrid maize and 
between years. Enduring agroecosystems may provide suitable cultivars and suggest 
ecologically-sound practices for arid and drought-prone environments. 
Deborah A. Muenchrath and Ricardo J. Salvador, Dep. of Agronomy, Iowa State Univ., 
Ames, IA 50011-1010. This study was conducted in cooperation with the New Mexico State 
Univ. Agric. Sci. Center at Los Lunas, NM. This material is based on work supported, in 
part, by a Grant-in-Aid of Research from Sigma Xi, The Scientific Research Society. 
* Corresponding author. 
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INTRODUCTION 
Worldwide, water is the single most limiting resource for crop production. Arid and 
semiarid zones occupy more than a third of the Earth's land surface, with dry regions located in 
nearly half of the world's nations (Arnon, 1972; Bruins et al., 1986; Fischer and Turner, 
1978), Increasing demands for water by agricultural and non-agricultural users, coupled with 
groundwater depletion, soil salinization, and deterioration of water quality, challenge the long-
term sustainability of agriculture in the dry regions of the world, including the arid and 
semiarid western U.S. (OTA, 1983; Postel, 1989; Sheridan, 1981; World Resources Institute, 
1990). 
In some regions, the only affordable available water source is rain, and agricultural 
productivity often can be improved by utilizing rainwater-harvesting methods (Anaya, 1992; 
Bruins et al., 1986; OTA, 1983; Perrier, 1988). Such methods have been successfully utilized 
in traditional systems in Africa, Asia, and Latin America, and as part of a modem agricultural 
system in the Negev Desert. 
Indigenous peoples of the southwestern U.S. and northern Mexico have developed 
agricultural systems that employ water-harvesting techniques and cultivars adapted to arid 
conditions. For centuries, their systems have been productive within the constraints imposed 
by the environment. These production strategies and adapted cultivars may be important 
resources for the design of sustainable maize production systems in arid or drought-prone areas 
(Cleveland et al., 1994; Hudgens, 1992; NRC, 1992). 
The tfaditional agricultural system of the Tohono O'odham is typical of enduring Native 
American systems in the Southwest. The Tohono O'odham, the "Desert People" (formerly 
known as the Papago), reside in southern Arizona and northern Sonora (Mexico). They 
produce maize (Zea mays L.) under conditions of low precipitation and humidity, high 
temperatures, intense sunlight, and occasional high winds. Anderson (1954) asserts that 
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Tohono O'odham maize (Tohono maize) is productive with less rain than any other maize. 
Tohono maize yield responses, however, have not been examined experimentally. 
Traditional Tohono maize and production strategies evolved together. Consequently, 
management practices may contribute to the successful adaptation and productivity of Tohono 
maize. Traditional production strategies include locating fields on gently-sloping alluvial fans 
and at deltas of ephemeral waterways to take advantage of storm-runoff irrigation to 
supplement scarce direct rainfall (Castetter and Bell, 1942; Nabhan, 1983). Such water-
harvesting systems also may replenish soil nutrients (Nabhan, 1984; Norton and Sander, 
1994). Tohono O'odham practices involve deep planting, at 10- to 15-cm depth, in 
equidistant, widely-spaced hills of several plants, with minimal soil disturbance and without 
synthetic soil amendments or pesticides (Castetter and Bell, 1942; Nabhan, 1983). 
Planting is done shortly after the first summer rains, usually in July or early August 
(Castetter and Bell, 1942; Crosswhite, 1981; Nabhan, 1983). The summer rainy season is 
brief and of variable duration, typically eight weeks or fewer (Nabhan, 1983). Summer rains 
are characterized by brief, intense, highly-localized thunderstorms. Total summer precipitation 
on the Tohono O'odham Reservation averages 125 to 150 mm. Drought, rather than frost, 
usually terminates the growing season in October. Thus, the Tohono maize growing season is 
defined by water availability. 
High variability in water availability from season to season likely exerted selection 
pressure for drought resistance mechanisms that enabled Tohono maize to accommodate such 
uncertainties. Tohono maize was adapted to its desert environment by a combination of 
directed biological evolution and agronomic management. Identification and understanding of 
factors that contribute to the productivity of cultivars adapted to extreme conditions will 
facilitate the development of stress-resistant crops and ecologically appropriate production 
practices for arid and drought-prone areas (Boyer, 1982; Hudgens, 1992; NRC,1992; OTA, 
1983; World Resources Institute, 1990). Knowledge of native cultivars and associated 
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practices, however, is rapidly eroding as fewer indigenous people continue to farm in the 
traditional manner. Loss of these landraces and knowledge are threatened by environmental 
and socio-economic changes (Brandt, 1992; Cleveland et al., 1994; Crosswhite, 1981; 
Fernandez, 1994). 
Our general objectives were to 1) identify biological attributes contributing to the 
reputed drought resistance of Tohono maize; and 2) determine the effect of production practices 
on maize productivity under arid conditions. This report examines Tohono maize dry matter 
productivity and partitioning in response to irrigation regime and planting arrangements. 
MATERIALS AND METHODS 
Experimental Site 
The study was conducted in 1992 and 1993 at the New Mexico State Univ. (NMSU) 
Agric. Sci. Center at Los Lunas, NM (34°N 106°W). Study site soil was a Bluepoint loamy 
fine sand (mixed, thermic, Typic Torripsamments), with rapid permeability and 7.8 pH (Pease, 
1975). Soil samples were collected and analyzed by NMSU before Spring field preparation 
and at the end of the season each year to determine soil fertility levels. Nitrogen, P, and K 
were preplant-incorporated each year at rates recommended for dryland maize production: 90, 
56, and 28 kg ha"', respectively. These fertilizer rates were sufficient to bring soil fertility to 
moderate levels. Irrigation water was provided via a gravity-flow furrow system. Weeds were 
controlled by preplant cultivation and subsequent hand hoeing. The experimental area was 
surrounded by a 6-m or wider border of maize. 
Plant Materials 
Two short-season maize cultivars, "Tohono O'odham 60-day Flour Maize" (Tohono 
maize) and A619 v. A632 (Hybrid), were evaluated. Tohono maize is a floury, open-pollinated 
maize with cream-colored kernels, adapted to the Sonoran Desert. Its "60-day" designation 
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refers to the usual number of days from planting to flowering. Tohono maize ordinarily 
matures in 80 to 100 d after planting (Castetter and Bell, 1942; Crosswhite, 1981; Nabhan, 
1983). Tohono maize seed was provided by Native Seeds/SEARCH, Tucson, AZ and 
increased by allowing plants to open pollinate in an isolated field at the experimental location 
(Appendix B). A619 x A632 is a yellow dent hybrid, adapted to the North Central U.S. In its 
zone of adaptation, A619 x A632 matures in 100 to 110 d after planting. Hybrid is related to 
other hybrid varieties commonly grown in the drier regions of the Com Belt (A.R. Hallauer, 
1995, personal communication). Hybrid seed was obtained from the maize breeding projects 
at the Univ. of Minnesota and Iowa State Univ., and bulked. Hybrid was included in this 
study to provide a frame of reference. 
Treatments 
The experiment was planted during the last week of May each year at a population 
density of 40,000 plants ha"l. To evaluate the effects of planting pattern, planting depth, and 
irrigation regime, each cultivar was placed in each of the 20 levels of treatment combinations: 
Five irrigation regimes x two planting depths x two planting patterns. 
Planting Arrangements. The study compared the effects of two planting geometries, 
hills vs. rows. The hill planting geometry contained four plants per hill, with hills spaced 1 m 
equidistantly. Hill plot rows were 6 m long. The row pattern contained single plants, spaced 
0.25 m apart within the row and 1 m between rows, with 2-m long rows. All plots consisted 
of 6 rows. In addition, responses to two planting depths, 5 and 15 cm, were tested within 
each planting geometry. 
Irrigation Regimes. All irrigation treatments were watered inmie(?iately after planting 
to obtain good germination and stand establishment. Subsequent irrigations occurred at 
intervals established to create five levels of seasonal moisture (Table 1). Each irrigation 
treatment was separated by two or three border rows of later-maturing maize extending the 
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length of the field. Border rows were irrigated only when both adjacent irrigation treatments 
were irrigated. 
At each irrigation, water was allowed to flow into selected furrows between planted 
ridges until water had soaked to the center of each ridge for the length of the field. Gated PVC 
pipe controlled water distribution. Flow rate and amount of water applied at each irrigation 
varied with the water level in the supply canal, number of simultaneous users, and number of 
open gates. All water applications were metered and controlled, with two exceptions. On 18 
August 1992, after all plots were more than 50% flowered, irrigation water from an adjacent 
field flowed into sections of each irrigation treatment, except Irrigation 1. During Week 7 of 
the 1993 growing season, water slowly leaked from the irrigation pipe into Irrigation 3. The 
leak was too slow for the flowmeter to record the amount of water applied. Effects were 
apparently confined to Irrigation 3 since adjacent border rows remained wilted. 
Data Collection. Data were collected only from plants in the interior of each plot. In 
hill plots, plants in each of the exterior rows and outer hill at the ends of each row were 
excluded from data collection. In row plots, plants in each of the exterior rows and the outer 
two plants at the ends of each row were not used for data collection. 
Morphological and phenological data were collected as described in Chapters 2 and 3. 
At maturity, those plants examined morphologically were used to determine dry matter (DM) 
productivity. Whole plants were harvested at ground level and separated into main plants and 
tillers. Main plants were further partitioned into leaves, stem-plus-sheaths-plus-tassel, and 
ears. These were dried for 2 d at room temperature with circulating air, followed by 4 d at 
60°C, and weighed. Tillers were similarly separated into ears and vegetative material, dried, 
and weighed. Harvest index (HI) was calculated as the ratio of grain dry weight to total aerial 
dry matter. 
Yield components were determined from grain-bearing, main-stem ears. Animal 
predation and insect damage were extensive in 1993; missing or damaged kernels were 
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included as though they were present in determinations of the number of grain-bearing ears, 
kernel-rows per ear, and kernels per row. Yield levels before animal predation were estimated 
from plot means with the formula: Kernel-rows ear' x kernels row-' x number of grain-
bearing ears plant"' x grain weight per 100 kernels x 40,000 plants ha"' = estimated grain yield 
ha-'. Yield loss due to animal predation in 1993 was then estimated by comparing the 
estimated grain yield with actual, measured yield. Yield data reported are based on measured 
yield, except where indicated as estimated yield. 
Daily meteorological data were collected by NMSU Agric. Sci. Center at Los Lunas, 
NM. Meteorological instrumentation was located approximately 0.5 km from the experiment 
field. Potential evapotranspiration was estimated by NMSU by the Penman-Monteith method 
(Campbell, 1985). 
F.xperimental Design and Statistical Analyses. The experiment was analyzed as a 
nested split-plot design, with replication nested in irrigation regime (Appendix B). The 
irrigation system did not permit randomization of irrigation treatments. Each year, the 
experiment was replicated three times. The five irrigation regimes were main plots. The eight 
cultivar x pattern x depth subplot combinations were completely randomized within each 
irrigation regime in each replication for a total of 120 plots each year. 
Analyses of variance were performed using the General Linear Models procedure of the 
Statistical Analysis System (SAS), version 6.07 for unix systems (SAS Institute, 1987). 
Variability across treatments was considered significant at the P< 0.10 probability level. 
Unless otherwise stated, F values for treatment effects were considered significant at the P < 
0.05 level. To avoid type I errors, interactions were accepted as significant at the P < 0.05 
probability level only if component main treatment effects also were each significant. Means 
were separated using Fisher's LSD test at the 0.05 probability level. Data are reported as 
means, plus or minus standard error (± SE). 
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RESULTS 
Weather Conditions and Soil Fertility 
Temperatures during the growing season, 26 May through 30 September each year, 
were warmer in 1993 than in 1992 (Fig. 1). Mean daily air temperature during the season was 
22.4°C in 1992 and 23.2°C in 1993. From planting through 50% flowering, 26 May through 
15 August each year, daily air temperature averaged 23.2°C in 1992 and 24.9°C in 1993. Mean 
growing season soil temperature at 10-cm depth was 25.3°C in 1992 and 26.3°C in 1993. 
Although total summer precipitation was the same each year, 160 mm, its distribution 
differed, with 1993 presenting the more stressful conditions during vegetative development 
(Fig. 2). Summer rain was more evenly distributed in 1992, with 78% received before 50% 
flowering. In contrast, only 20% of the 1993 summer rain occurred before 50% flowering. 
Total summer potential evapotranspiration was about 970 mm each year. 
End-of-season soil fertility levels for N, P, and K did not differ significantly among 
irrigation treatments in 1992 (Appendix B). In 1993, end-of-season fertility levels differed 
among irrigation treatments, with the less frequently irrigated treatments having generally 
higher levels of N, P, and K. However, the levels of N, P,and K in each irrigation regime at 
the end of each season were at levels rated as low by NMSU Soil, Water, and Air Testing 
Laboratory. 
Morphology and Phenology 
Cultivars differed significantly in their morphologies (Chapter 2). Tohono maize plants 
were shorter and produced fewer and smaller leaves and more tillers than Hybrid. Excluding 
tillers, Tohono maize averaged 13, and Hybrid 17, leaves plant"' each year. Averaged across 
treatments, Tohono maize total main-stem leaf area was 1411 ± 41 cm^ in 1992 and 1137 ± 44 
cm^ in 1993. Hybrid total main-stem leaf area averaged 3120 ± 60 cm^ in 1992 and 2567 + 91 
cm^ in 1993. 
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Tohono maize emerged earlier and had better stand establishment than Hybrid (Chapter 
3). Relative to Hybrid, Tohono maize progressed through the vegetative stages more rapidly 
and had more leaves until late July. Number of days from planting to 50% anthesis, and to 
50% silk emergence, and the number of days between pollen shed and silking (anthesis-to-
silking interval, ASI), were significantly different between cultivars and years (Chapter 3). In 
1992, Tohono maize reached 50% anthesis in 56 d, and had an ASI of 3 d; all Tohono plots 
flowered. Anthesis occurred in Hybrid in 65 d and its ASI averaged 4 d; one Hybrid plot 
failed to reach 50% silk emergence. Tohono maize flowered significantly earlier in 1993, 
reaching anthesis in 52 d and silk emergence in 57 days; its ASI was not significantly different 
than in 1992. One Tohono maize plot did not flower in 1993. In contrast, the number of days 
to 50% anthesis in Hybrid did not differ between years, but its ASI was significantly 
lengthened to 10 d in 1993, excluding the 15 Hybrid plots that failed to reach 50% silk 
emergence. 
Dry Matter Production 
Grain Yield. Cultivars and years differed significantly in grain yield (Fig. 3). 
Averaged across treatments, Tohono maize generally yielded less grain than Hybrid. Tohono 
maize grain yield averaged 54 ± 3 g planf' in 1992 and 13 + 4 g plant"' in 1993; Hybrid grain 
yield averaged 75 + 5 g plant"' in 1992 and 20 ± 3 g plant"' in 1993. Each cultivar produced 
about 75% less grain in 1993 than in 1992, averaged across treatments. Based on average 
yield components (Table 4), however, animal predation accounted for an estimated 46% of the 
reduction in Tohono maize 1993 grain yield, and 34% of the reduction in Hybrid yield. 
Additionally, ear worm (Heliothis zed) damage was evident on all ears in 1993. Animal and 
insect damage did not decrease grain yield significantly in 1992. Both years and with few 
exceptions, Tohono maize produced only cream-colored kernels; Hybrid plants produced only 
yellow kernels. 
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Irrigation treatment had no effect on Tohono maize grain yields either year, or on 
Hybrid grain yield in 1992. In 1992, Tohono maize and Hybrid produced similar grain yields 
in Irrigations 2 and 5. In 1993, however. Hybrid plants grown in Irrigation 4 produced an 
average of 74% more grain dry weight than those grown in each of the other irrigation regimes. 
Within each irrigation regime in 1993, Hybrid yield exceeded Tohono maize yield only in 
Irrigation 4. 
Planting geometry and depth had no effect on Tohono maize grain yields. Each year, 
row-grown Hybrid plants produced more grain than those plants grown in hills. In 1992, 
Hybrid plants sown at 15-cm produced more grain than those sown at 5-cm depth. Hybrid 
plants sown in the row x 15-cm depth planting arrangement in 1992 produced 36% greater 
grain dry weight than in the other arrangements. 
Total Dry Matter. Cultivars and years differed significantly in total DM production 
(Fig. 3). Averaged across treatments, Tohono maize produced 31% less total DM in 1992, and 
50% less in 1993, than Hybrid. Tohono maize produced 62% less total DM in 1993 than it did 
in 1992. Hybrid produced 48% less total DM in 1993 than in 1992. 
Irrigation regime affected Hybrid total DM yield in 1993 only. Irrigation regime had no 
significant effect on Tohono maize total DM production either year. In 1992, hill-grown plants 
of each cultivar produced significantly less total DM than those grown in rows; Hybrid plants 
responded similarly to geometry in 1993. Planting depth had no significant effect on Tohono 
maize total DM yield either year. In 1992, Hybrid plants sown at 5-cm produced less total DM 
than those sown at 15-cm depth; depth had no significant effect in 1993. Similar to trends 
observed for grain yield, treatment interactions were not significant, except that total DM 
produced by Hybrid sown in the row x 15-cm depth planting arrangement was 35% greater 
than in the other planting arrangements in 1992. These differences in Hybrid total DM among 
planting arrangements were due to differences in grain yield. 
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Dry Matter Partitioning. Harvest indices differed significantly between years for each 
cultivar, and between cultivars in 1993 (Table 2). Mean HI of each cultivar was less in 1992 
than in 1993. In 1993, Tohono maize had greater His than Hybrid in all treatments, except in 
Irrigation 4. In 1993, Hybrid His differed among irrigation regimes. Each year, planting 
depth and geometry had no effects on His of either cultivar. 
Each year Hybrid produced significantly greater main-stem leaf and stalk DM than 
Tohono maize (Table 3). Each cultivar produced significantly less leaf DM in 1993 than in 
1992; stalk DM production did not differ significantly between years. Averaged across 
treatments in 1992, each cultivar partitioned about 30% of its main-stem vegetative DM into 
leaves. In contrast, each cultivar partitioned only 20% of main-stem vegetative DM into leaves 
in 1993. Hybrid plants differed in stalk DM and leaf DM production between planting patterns 
in 1992. Tohono maize leaf DM production differed between planting depths in 1993. 
Grain per unit leaf area differed significantly between years for each cultivar, and 
between cultivars each year (Table 2). Grain per unit leaf area produced on the main stem was 
significantly greater in 1992 than in 1993 for each cultivar. In 1992, Hybrid grain per unit leaf 
area differed between planting patterns and between planting depths. 
Tohono maize produced more total tillers per plant than Hybrid each year, and each 
cultivar produced more tillers per plant in 1992 than in 1993 (Chapter 2). Tohono maize tiller 
DM comprised an average of 17.8% of total plant DM in 1992, and 4.5% in 1993. Hybrid 
tillers contributed 1.5 and 0.1% of its total DM in 1992 and 1993, respectively. In 1992, 
Tohono maize tillers produced more grain, 9.9% of its total grain yield, than Hybrid tillers, 
which produced 0.5% of its total grain yield. In 1993, grain yield of tillers did not differ 
between cultivars, and tiller ears did not contribute significantly to the total grain yield of either 
cultivar. In 1993, Tohono maize grown in the row geometry produced more tillers, and tillers 
consequently contributed more to total DM and grain yield than in hill-grown Tohono maize 
plants. Similarly, Hybrid plants grown in the row pattern produced more tillers than those 
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grown in hills in 1992. Planting arrangement and irrigation regime had no effect on Hybrid 
tiller DM or tiller grain production in 1992 or in 1993, and had no effect on Tohono maize tiller 
productivity in 1993. Each year, planting depth had no effect on number of tillers, tiller DM, 
or tiller grain production of either cultivar. 
Yield Components. Tohono maize ears were generally smaller than Hybrid ears 
(Chapter 2). Excluding tiller contributions, each cultivar produced significantly more grain-
bearing ears, kernel-rows per ear, and kernels per row in 1992 than in 1993 (Table 4). 
Generally, the percentage reduction in each yield component between years was less in Tohono 
maize than Hybrid. In 1992, cultivars differed significantly in each of these yield components. 
In 1993, only kernel-rows per ear differed between cultivars. 
Within each cultivar, yield components did not differ significantly among irrigation 
regimes in 1992 (Table 4). In 1993, however, irrigation treatment effects produced a greater 
number of kernels per row among Hybrid plants grown in Irrigation 4, Planting arrangement 
affected Hybrid kernel-rows per ear and kernels per row in 1993. Cultivars responded 
differently to planting arrangement in 1993, with number of ears per plant differing between 
planting depths in Tohono maize, and differing between planting geometries in Hybrid. 
Each year, 100-kemel weight did not differ between cultivars or among treatments 
within cultivars. Mean Tohono maize 100-kernel weight was 21.4 ± 0.4 g in 1992 and 35.2 ± 
1.1 g in 1993. Mean Hybrid 100-kemel weight was 23.8 ± 0.4 g in 1992 and 35.8 ± 1.4 g in 
1993. The significantly greater 100-kemel weight of each cultivar in 1993 was due to the 
smaller number of kernels produced per ear. 
DISCUSSION 
Grain yields of Tohono maize were similar to those reported by Nabhan (1983) and 
Castetter and Bell (1942). Hybrid yields in 1992 resembled those of dryland hybrid maize 
produced in the drier regions of the Southern Great Plains (Jackson et al., 1983). Since 
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Hybrid is related to maize varieties commonly grown in the drier areas of the Com Belt, it may 
be similarly drought resistant; however. Hybrid has not been tested specifically for drought 
resistance (A.R. Hallauer, 1995, personal communication). Both cultivars produced less grain 
under the more severe conditions of 1993. The grain yield differences observed between 
Tohono maize and Hybrid were consistent with expectations since floury maize typically yields 
10 to 30% less than dent types due to differences in their endosperm densities (Glover and 
Mertz, 1987; NRC, 1988). Although Tohono maize grain yields were lower than those of 
Hybrid, they were comparable to yields of floury, open-pollinated accessions native to 
northern Mexico. Under favorable conditions, these floury accessions produce an average of 
1614 kg ha"', compared to a mean grain yield of 3064 kg ha"' averaged across accessions and 
endosperm types (LAMP, 1991). Under more favorable conditions, Tohono maize produced a 
grain yield of 3007 kg ha"' (Appendix B), suggesting that Tohono maize has potential utility in 
breeding programs for arid or drought-prone regions. 
In addition to the grain yield reductions attributed to animal predation and insect 
damage, DM and grain yield reductions in 1993 probably resulted from that year's drier 
conditions. Under the drier conditions. Hybrid grain yield was greater in Irrigation 4 than its 
yields in the other irrigation treatments, and greater than Tohono maize yields in Irrigation 4 
only. The greater Hybrid grain yield in Irrigation 4 most probably resulted from the timing of 
the irrigation two weeks before Hybrid's flowering, providing these plants with both water and 
a pulse of nutrients. The four weeks bracketing silking are the most critical in the 
determination of grain yield (Denmead and Shaw, 1960). Thus, the timing of the water 
application in Irrigation 4 evidently alleviated the potential impact of water-deficit stress on its 
grain yield by enabling Hybrid to maintain a shorter ASI. 
Delayed silk emergence lengthened Hybrid ASI in 1993, except in Irrigation 4 (Chapter 
3). As observed in the Hybrid, water-deficit stress lengthens the interval between pollen shed 
and silking by retarding silk growth (Herrero and Johnson, 1981). In contrast to Hybrid, 
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Tohono maize maintained a short ASI in each irrigation treatment, as well as in the drier year. 
Consequently, Tohono maize grain yield did not differ among irrigation regimes. The yield 
stability of Tohono maize is consistent with Jensen's (1971) report that drought resistance is 
most directly associated with resistance to silk delay, and silk delay due to drought is less in 
genotypes adapted to warmer temperatures. Drought resistance is strongly and negatively 
correlated with ASI (Byrne et al., 1995; Guei and Wassom, 1992). 
The near absence of yellow kernels on Tohono maize ears demonstrated that Tohono 
maize yield resulted from pollination by Tohono maize plants, not by Hybrid plants. Since the 
allele for yellow endosperm is dominant (Coe et al., 1988), occurrence of yellow kernels on 
Tohono maize ears would indicate pollination by a Hybrid parent. Thus, the earlier flowering 
and shorter ASI of Tohono maize main stalks prevented Hybrid plants from contributing pollen 
that could potentially augment Tohono maize yield. Tohono maize, however, may have 
contributed to the pollination of Hybrid ears. 
Synchrony of anthesis and silk emergence may be enhanced in Tohono maize by its 
production of basal branches and multiple ears (Nabhan, 1983). Tohono maize produced 
fewer barren ears than Hybrid in 1993. Although few tillers produced mature ears, tillers may 
contribute to reduced barrenness by extending the window for synchrony of pollen shed and 
silking. Relative to its main stem, Tohono maize tillers are sub-equal and ordinarily flower 
later. Similarly, subtending ears on the main stem usually silk later than the apical ear, often 
too late for pollination by main-stem anthesis. By effectively extending the anthesis period, 
tillers enhance yield by increasing the number of grain-bearing ears and percentage of ovules 
fertilized per ear under stressful conditions. Therefore, tillers contribute to yield stability by 
increasing the probability of effective pollination. 
Ear prolificacy also may be an important factor in the yield stability of Tohono maize 
under water-deficit conditions. Two-eared hybrids extract more water and produce more grain 
than single-eared hybrids under water-deficit conditions (Barnes and Woolley, 1969) and. 
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therefore, may postpone the effects of drought. Both Tohono maize and Hybrid exhibited ear 
prolificacy under the relatively favorable conditions of 1992, with Tohono maize producing 
more grain-bearing ears than Hybrid. Although both cultivars produced fewer ears per plant 
under the drier conditions of 1993, Tohono maize generally had a lower percentage of barren 
ears than Hybrid. Prolificacy contributes to yield stability by minimizing the likelihood of 
barrenness in a stressful environment, and augments yield under more favorable conditions 
(Barreles et al., 1984; Hallauer and Troyer, 1972; Schoper et al., 1986; Tollenaar et al., 1992). 
Further analyses showed that Hybrid yield components were more sensitive to 
irrigation treatment than those of Tohono maize under the drier conditions of 1993. The greater 
number of kernels per row produced by Hybrid plants grown in Irrigation 4 in 1993 indicate 
that Hybrid grain number was the yield component most affected by irrigation timing. Grain 
number is the yield component most sensitive to water deficits imposed during the week or two 
before and after anthesis (Grant et al., 1989; NeSmith and Ritchie, 1992). The apparent lack 
of irrigation timing effect on Tohono maize grain number is attributed to Tohono maize and 
Hybrid differences in stomatal conductance (Chapter 4) and phenology (Chapter 3). 
Both years, Tohono maize and Hybrid exhibited similar stomatal conductances until 
flowering (Chapter 4). During flowering and early grain-fill, Tohono maize stomatal 
conductance generally increased relative to its pre-anthesis levels, and was greater than that of 
Hybrid. Since kernel number and grain yield are affected by assimilate supply from 
photosynthesis concurrent with early kernel development (Schussler and Westgate, 1991 and 
1994; Tollenaar and Daynard, 1978; Tollenaar et al., 1992; Zinselmeier et al., 1995), and 
stomatal conductance and photosynthesis are strongly correlated (Wong et al., 1979), the 
higher stomatal conductance of Tohono maize implies a greater photosynthetic rate and 
increased assimilate supply. Evidently, assimilate supply in Tohono maize was sufficient to 
mask any irrigation timing effects on grain number and yield, resulting in more stable yields 
among irrigation treatments. 
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Tohono maize flowering was accelerated, rather than delayed, under the drier 
conditions of 1993 (Chapter 3). This earlier flowering resembles the phenological plasticity 
commonly displayed by undomesticated desert ephemerals (Fischer and Tumer, 1978; Jones et 
al., 1981; Levitt, 1980). Phenological plasticity may contribute to stable grai- "ields by 
enabling Tohono maize to avoid or diminish the deleterious effects of drought. 
In addition to more stable grain yields, Tohono maize produced higher His and more 
grain per unit leaf area than Hybrid. Trends in DM partitioning between leaves and stems in 
response to irrigation regime were similar in Tohono maize and Hybrid each year. However, 
both cultivars partitioned relatively less DM to leaves than stems in 1993 than in 1992. Since 
plant height, and leaf area and number of grain-bearing ears per plant, were reduced in 1993 
(Chapter 2), the lack of a corresponding decrease in stalk DM indicates that remobilization of 
stalk DM during the grain-filling period was probably restricted by reduced sink capacity. 
Higher His across irrigation treatments and in the drier year, together with greater production 
of grain per unit leaf area, demonstrate that Tohono maize more efficiently allocates DM for 
grain production than Hybrid under stressful conditions. 
Tohono maize morphology (Chapter 2) was consistent with traits associated with high 
HI. High HI usually results from the production of short, light stems with few short, narrow 
leaves, coupled with the production of ears with high grain yield (Donald and Hamblin, 1976). 
The smaller plant size of Tohono maize may reduce relative production and maintenance costs 
(e.g., water, nutrients, assimilates) per plant, resulting in greater resource availability for grain 
production. Thus, selecting for stable or higher His under stressful conditions may be among 
the best strategies for improving grain yields in water-limiting environments (Fischer and 
Tumer, 1978; Ludlow and Muchow, 1990; Passioura, 1986). 
Irrigation regime had few significant effects on Tohono maize DM production or 
partitioning, demonstrating that Tohono maize is well-adapted to the sporadic and uncertain 
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water availability common in arid environments. In contrast, irrigation regime significantly 
altered Hybrid grain and total DM yields, as well as its HI. 
Planting geometry affected emergence, flowering, and total DM production in Tohono 
maize. Planting pattern effects were more extensive in Hybrid, affecting emergence, 
flowering, grain and total DM yields, stalk and leaf DM production, and grain per unit leaf 
area. The row pattern may have been more productive than the hill geometry under our 
experimental conditions because of reduced competition for resources required for growth. 
In this study, planting depth had few evident effects on Tohono maize for the 
parameters measured. However, Hybrid exhibited planting depth effects, with those plants 
sown at 15-cm in 1992 producing greater grain and total DM yields than those planted at 5-cm 
depth. These planting depth effects on Hybrid in 1992, but not in 1993, may have resulted 
from differences in moisture availability and rooting patterns between years; in the drier year, 
stressful conditions during vegetative development may have limited root growth. The lack of 
Tohono maize response to planting depth may reflect root characteristics, such as deep or 
extensive rooting. Drought resistance of other maize cultivars native to the Southwest is 
attributed to deep rooting (Collins, 1914). The root syste-u of Tohono maize has not been 
studied. 
Depth may have a greater effect under indigenous field conditions where surface soils 
often are sandy and underlain by more clayey soils (Nabhan, 1983). Among Hopi maize 
fields, with planting depths between 10 and 33 cm, those planted at 20-cm depth or greater 
produced 163% greater grain yield than those planted less deeply in 1994, a particularly dry 
year in northeastern Arizona (Manolescu, 1995). The sandy surface layer permits rapid water 
infiltration and reduces evaporative losses, while the finer-textured layer better holds moisture 
in the root zone (Fischer and Turner, 1978; Modaihsh et al., 1985; Nobel, 1991; Sandor, 
1995). In contrast to indigenous fields, soil texture in our experimental field was relatively 
39 
coarse to a depth of at least 5 m (Pease, 1975). The extra effort required to plant deeply by 
hand suggests some advantage for deep-planting. 
Both the hill geometry and deep-planting may contribute to yield under native field 
conditions by improving plant standability against flood waters and high winds. Tillers may 
also augment structural support. The effect of planting depth and geometry would be assessed 
more accurately under indigenous field conditions with exposure to storm-runoff and wind. 
CONCLUSION 
Relative to Hybrid, Tohono maize had lower, but more stable, grain yields and 
produced greater His and more grain per unit leaf area. The grain yield stability of Tohono 
maize demonstrates its capacity to adjust to a range of water-deficit conditions and confirms its 
drought resistance. The relatively high HI and grain production per unit leaf area of Tohono 
maize are consistent with characteristics associated with drought resistance (Fischer and 
Turner, 1978; Ludlow and Muchow, 1990; Passioura, 1976; Sinclair et al., 1984). Additional 
Tohono maize traits, such as morphological and phenological features, and stomatal behavior, 
likely contribute to its drought resistance (Chapters 2, 3, and 4). 
Open-pollinated maize cultivars are more commonly grown than hybrids in developing 
countries (Pandey et al., 1991). In maize production areas where few factors required for crop 
growth can be controlled, for ecological or socio-economic reasons, and conditions are highly 
variable and often stressful, open-pollinated maize cultivars are preferred for the reliable yields 
these cultivars can provide. Grain yield of open-pollinated cultivars can be improved while 
retaining yield stability. Thus, the drought resistance and yield stability of Tohono maize 
suggest that this cultivar may have utility in breeding programs for low-input, high-stress 
conditions. Additionally, in systems where maize is primarily for direct human consumption, 
the better protein quality of floury maize, compared to dent types, offers nutritional benefits 
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(Glover and Mertz, 1987; NRC, 1988). Thus, expanded understanding of Tohono maize 
adaptations will advance crop improvement, particularly for developing nations. 
Over centuries, the Tohono O'odham have adapted maize to accommodate their desert 
environment and have developed a production system that optimizes natural processes to obtain 
reliable yields. Their drought resistant cultivar and production strategies can contribute to the 
design of modem sustainable maize production systems for arid and semiarid regions. 
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Table 1. Irrigation treatments. Frequency, number of irrigation, and total amount of water 
applied in each irrigation regime, including initial post-planting water application. 
Regime 
Irrigation 
Interval 
Total Number 
of Irrigations 
Total Irrigation 
Water Appliedt 
1992 1993 
1 2 weeks 8 916 
- mm 
1024 
2 4 weeks 4 543 542 
3 6 weeks 3 451 334 
4 8 weeks 2 220 189 
S Unirrigated 1 148 94 
Each year, all irrigation regimes received an additional 160 mm rain water during 
the season. 
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Table 2. Harvest indices and grain per unit leaf area of Tohono maize and Hybrid in 1992 
and 1993, excluding tillers. 
Harvest Index Grain per Unit Leaf Area 
g Grain per g Total Dry Maner g cm"^ 
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SB Mean SE 
1992 
Pattern 
HiU 0.52 0.01 0.48 0.02 28.9 1.8 20.3 1.4 b** 
Row 0.55 0.02 0.49 0.02 36.8 2.5 25.7 1.6 a 
Depth (cm) 
5 0.53 0.02 0.46 0.02 31.4 2.0 20.9 1.5 b* 
15 0.53 0.01 0.50 0.02 34.3 2.5 25.1 1.6 a 
Irrigation 
1 0.50 0.02 0.49 0.02 31.3 2.5 25.7 2.4 
2 0.55 0.02 0.45 0.03 35.4 3.6 19.0 2.5 
3 0.55 0.03 0.47 0.02 38.4 5.1 24.9 2.4 
4 0.51 0.03 0.54 0.02 29.1 3.5 27.5 2.3 
5 0.54 0.02 0.46 0.03 30.1 2.5 17.9 1.7 
Across 
Treatments 0.53 0.01 0.48 0.01 32.9 1.6 23.0 1.1 
1993t 
Pattern 
Hill 0.28 0.03 0.18 0.03 10.2 1.5 5.8 1.2 
Row 0.28 0.03 0.21 0.03 11.7 1.9 8.2 1.5 
Depth (cm) 
5 0.28 0.03 0.18 0.03 10.1 1.5 6.5 1.4 
15 0.29 0.03 0.21 0.03 11.8 1.9 7.4 1.3 
Irrigation 
1 0.33 0.04 0.21 0.03 b ** 12.8 2.0 6.5 1.2 b** 
2 0.27 0.06 0.15 0.04 be 11.4 3.6 4.4 1.5 b 
3 0.21 0.05 0.13 0.04 be 7.6 2.4 4.5 1.8 b 
4 0.35 0.04 0.39 0.03 a 13.5 2.7 16.3 2.2 a 
5 0.26 0.05 0.10 0.03 c 9.4 2.5 3.2 1.4 b 
Across 
Treatments 0.28 0.02 0.20 0.02 10.9 1.2 7.0 0.9 
*, *• Treatment category is significant source of variation at the 0.05 and 0.01 probability levels by an 
Ftest, respectively. 
t Means within treatment category followed by different letters are significantly different at the P<0.05 
level using Fisher's LSD test; no letters indicate NS. 
t Data are based on measured, not estimated grain yield; animal predation reduced Tohono maize and Hybrid 
grain yield by an estimated 46 and 34%, respectively, in 1993. 
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Table 3. Stalk and leaf dry matter of Tohono maize and Hybrid in 1992 and 1993, excluding 
tillers. 
Stalk Dry Matter Leaf Dry Matter 
e plant"^ g piant" ^ 
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SE Mean SE 
1992 
Pattern 
HUl 18.0 1.0 34.2 2.2 b ** 7.7 0.4 15.4 0.7 
Row 17.7 1.3 44.3 3.5 a 6.8 0.4 17.7 0.8 
Depth (cm) 
5 17.6 1.2 37.0 2.5 7.3 0.4 15.8 0.7 
15 18.1 1.1 41.5 3.5 7.2 0.3 17.3 0.8 
Irrigation 
1 21.8 1.8 43.4 4.1 8.1 0.8 17.8 0.9 
2 18.1 1.4 35.7 3.1 7.8 0.4 15.4 1.3 
3 20.8 2.0 51.8 6.8 7.1 0.6 18.4 1.5 
4 13.8 1.3 35.8 3.5 7.1 0.6 15.4 1.0 
5 14.8 1.2 29.6 3.6 6.4 0.4 15.6 1.1 
Across 
Treatments 17.8 0.8 39.3 2.2 7.3 
1993 
0.3 16.5 0.5 
Pattern 
Hill 15.3 1.4 36.5 3.1 3.9 0.2 9.9 0.6 
Row 17.7 1.4 43.5 2.5 4.2 0.3 10.6 0.5 
Depth (cm) 
5 17.6 1.5 41.3 2.5 4.3 0.3 a* 10.6 0.6 
15 14.4 1.3 38.6 3.1 3.7 0.2 b 10.0 0.6 
Irrigation 
1 21.0 2.0 40.0 3.6 4.3 0.4 10.5 0.7 
2 16.1 2.4 32.8 2.7 4.4 0.5 10.?, 0.9 
3 19.8 2.3 48.2 5.1 4.2 0.5 12.:! l.I 
4 15.3 1.4 46.8 4.9 4.3 0.2 9.S 0.8 
5 10.3 1.2 32.1 4.2 3.1 0.5 8.6 1.0 
Across 
Treatments 16.5 1.0 40.0 2.0 4.0 0.2 10.3 0.4 
•. ** Treatment category is significant source of variation at the 0.05 and O.OI probability levels by an F test, 
respectively. 
Means within treatment category followed by different letters are significantly different at the P<0.05 level 
using Fisher's LSD test; no letters indicate NS. 
Table 4. Yield components of Tohono maize and Hybrid in 1992 and 1993, excluding tiller ears. 
Ears per Plant Kernel-Rows per Ear Kernels per Row 
number with mature grain (% of total number) number of rows with mature grain number 
Tohono Hybrid Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SE Mean SE Mean SE Mean SE 
1992 
Pattern 
Hill 1.2 (99) 0.07 1.1 (100) 0.05 10.4 0.2 14.4 0.2 b* 17.9 0.8 19.6 1.2 b** 
Row 1.4 (100) 0.06 1.0 (98) 0.02 10.4 0.2 14.9 0.2 a 17.9 0.8 24.6 1.4 a 
Depth (cm) 
5 1.2 (99) 0.06 1.1 (98) 0.05 10.4 0.2 14.5 0.2 18.0 1.0 19.8 1.3 b** 
15 1.3 (100) 0.07 1.0 (100) 0.02 10.5 0.2 14.8 0.2 17.8 0.6 24.4 1.3 a 
Irrigation 
1 1.1 (98) O.IO 0.9 (100) 0.04 10.7 0.3 15.4 0.3 19.4 1.3 24.2 2.1 
2 J.4 (100) 0.12 1.1 (95) 0.04 10.0 0.3 15.0 0.3 19.4 1.1 19.0 1.9 
3 1.3 (100) 0.09 1.1 (100) 0.08 10.2 0,3 14.5 0.4 18.7 0.5 24.2 2.6 
4 1.5 (100) 0.10 I.l (100) 0.04 10.7 0.3 14.9 0.3 14.3 1.1 23.6 1.7 
5 1.2 (100) 0.11 1.1 (100) 0.07 10.5 0.2 13.8 0.3 17.7 0.9 20.5 1.9 
Across 
Treatments 1.3 (100) 0.05 1.0 (99) 0.03 10.4 0.1 14.6 0.2 17.9 0.6 22.1 0.9 
1993 
Pattern 
Hill 0.8 (63) 0.08 0.8 (55) 0.07 b • 8.4 0.5 10.2 0.4 7.8 1.0 7.4 1.0 
Row 0.8 (68) 0.08 1.0 (57) 0.07 a 9.2 0.5 10.4 0.4 8.7 1.0 8.5 1.2 
Depth (cm) 
5 1.0 (74) 0.07 a •* * 0.9 (53) 0.07 9.1 0.4 10.1 0.4 7.7 1.0 7.6 1.2 
15 0.7 (56) 0.08 b 0.9 (59) 0.08 8.6 0.6 10.5 0.4 8.9 1.0 8.2 1.1 
Irrigation 
1 0.8 (68) 0.10 1.1 (75) 0.08 10.1 0.7 10.4 0.4 10.1 1.4 7.2 I.l b** 
2 0.9 (67) 0.13 0.9 (49) 0.11 8.7 0.8 9.8 0.5 7.2 1.9 5.4 1.4 b 
3 0.8 (56) 0.11 0.9 (58) 0.14 7.6 0.9 10.2 0.6 7.0 1.7 6.8 1.7b 
4 1.1 (78) O.ll 1.0 (60) 0.05 9.4 0.2 11.8 0.5 8.3 1.1 15.7 1.5 a 
5 0.6 (50) 0.12 0.8 (43) 0.18 7.6 0.9 9.3 0.9 8.1 2.0 4.5 1.4 b 
Across 
Treatments 0.8 (66) 0.05 0.9 (56) 0.05 00
 
bo
 
0.3 10.3 0.3 8.3 0.7 7.9 0.8 
•, ••• Treatment category is significant source of variation at the 0.05,0.01, and 0.001 probability levels by an F test, respectively, 
t Means within treatment category followed by different letters are signiflcantly different at the P<0.0S level using Fisher's LSD test; no letters 
indicate NS. 
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1992 
o. 
1993 15 
Week of Growing Season 
I June I July | August | September 
Fig. 1. Daily maximum and minimum air temperatures (heavy lines) and average 
daily soil temperature at 10-cm depth (light line) in 1992 and 1993 at Los 
Lunas, NM. 
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Fig. 2. Daily rain (bars) and potential evapotranspiration (line) in 1992 and 1993 at 
Los Lunas, NM. Numbers in upper graph show timing of corresponding 
irrigation regime, excluding initial post-planting irrigation, in each year. 
Tohono Maize Hybrid 
P6 V) Irrigation Irrigation 
Treatment 
Fig. 3. Total dry matter production and grain yield, including tiller contributions. Gray columns show mean total dry 
matter production and SE bar. Black columns show mean total grain yield and SE bar. As the result of anim^ 
predation, Tohono maize and Hybrid grain yields were reduced by an estimated 46 and 34%, respectively, in 
1993. Data shown are measured yields. Scales differ between years. 
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CHAPTER 2. 
MORPHOLOGY OF A DESERT-ADAPTED 
NATIVE AMERICAN MAIZE CULTIVAR 
A paper to be submitted to Crop Science 
Deborah A. Muenchrath* and Ricardo J. Salvador 
ABSTRACT 
Morphological characterization of crop cultivars adapted to arid conditions is essential 
to the development of ideotypes for water-limited environments. Native Americans of the arid 
southwestern U.S. and northern Mexico have adapted maize cultivars and developed 
agricultural systems that for centuries have provided viable levels of production within 
environmental constraints. This research was conducted to identify biological attributes 
contributing to the reputed drought resistance of a traditional maize cultivar, and to determine 
the effects of production practice on maize productivity under arid conditions. The study 
examined the morphological responses of a maize cultivar, native to the Sonoran Desert, and a 
modern hybrid, adapted to the North Central U.S., to five irrigation regimes. Responses were 
evaluated in the contexts of traditional indigenous and modem commercial planting geometries 
and depths. Relative to the hybrid, the native maize produced generally smaller plants with 
fewer leaves, less leaf area, and relatively long and narrow leaves. The native maize produced 
more grain per unit leaf area and maintains greater harvest indices than the hybrid. The plant 
architecture exhibited by the native maize contributes to its stable productivity under arid 
Deborah A. Muenchrath and Ricardo J. Salvador, Dep. of Agronomy, Iowa State Univ., 
Ames, lA 50011-1010. This study was conducted in cooperation with the New Mexico State 
Univ. Agric. Sci. Center at Los Lunas, NM. This material is based on work supported, in 
part, by a grant-in-aid of research from Sigma Xi, The Scientific Research Society. 
* Corresponding author. 
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conditions. Enduring agroecosystems may provide genetic resources and suggest appropriate 
and ecologically-sound practices for arid and drought-prone regions. 
INTRODUCTION 
Advances in maize breeding and agronomic practices during the past four decades have 
improved maize grain yield substantially. Protection of both environmental resources and the 
yield potential established by modem genotypes is critical for long-term agricultural success. 
Worldwide, water is the single most limiting resource for crop production. Increased demands 
for water by agricultural and non-agricultural users, coupled with groundwater depletion, soil 
salinization, and deterioration of water quality, challenge the long-term sustainability of 
agriculture in the arid and semiarid western U.S. and other dry regions of the world (OTA 
1983; Postel 1989; Sheridan, 1981; World Resources Institute, 1990). Predictions of global 
warming, extension of arid lands, and greater frequency of drought in the U.S. Com Belt, 
suggest a scenario of additional water demand and need for crops resistant to water-deficit and 
high temperature stresses (Carlson, 1990; Crutzen and Graedel, 1986; Schneider, 1989). 
Indigenous peoples of the southwestem U.S. and northern Mexico have adapted 
cultivars to arid conditions and developed agricultural systems that have been productive within 
a precarious environment for centuries. These adapted cultivars and production sU'ategies may 
be important resources for maintaining and improving sustainable maize production systems in 
arid or drought-prone areas (Cleveland et al., 1994; NRC, 1992). Characterization of 
landraces and agricultural systems adapted to specific environmental niches are essential for 
both the potential utility and conservation of genetic and ecological diversity (Williams, 1991). 
Morphological descriptions, isozyme analyses, and discussions of the relationships 
among maize landraces native to the southwestem U.S. have been provided by biologists 
(e.g., Anderson and Cutler, 1942; Brown et al., 1952; Carter and Anderson, 1945; Collins, 
1914; Doebley et al., 1983). Anthropologists have described the agricultural practices of 
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ancient, historic, and contemporary indigenous peoples of the Southwest (e.g., Bohrer, 1960; 
Castetter and Bell, 1942; Gushing, 1920; Fish and Fish, 1984; Ford, 1981; Hill, 1938; Ortiz, 
1983; Prevost et al., 1984). Ecological and ethnographic approaches have been applied to 
study the crops and agricultural system of the Tohono O'odham, the "Desert People" (formerly 
known as the Papago), who reside in the Sonoran Desert of southern Arizona and northern 
Sonora, Mexico (Nabhan, 1983). 
The traditional agricultural system of the Tohono O'odham is typical of Native 
American systems in the Southwest. The Tohono O'odham produce an open-pollinated, floury 
maize (Zea mays L.) under conditions of low precipitation and humidity, high temperatures, 
intense sunlight, and occasional high winds. Anderson (1954) asserts that Tohono O'odham 
maize (Tohono maize) is productive with less rain than any other maize. Nabhan (1983) 
postulates that Tohono maize morphological traits, such as small plant size and its leaf display, 
together with features of the traditional Tohono O'odham production system, contribute to the 
productivity of this maize under arid conditions. Tohono maize morphology has not been 
experimentally examined. 
Traditional Tohono O'odham production strategies include locating fields on gently-
sloping alluvial fans and at mouths of ephemeral waterways to take advantage of storm-runoff 
irrigation to supplement scarce direct rainfall and to replenish soil nutrients (Castetter and Bell, 
1942; Nabhan, 1983). Additional traditional Tohono O'odham practices involve deep planting, 
at 10- to 15-cm depth, in approximately equidistant, widely-spaced hills of several plants, with 
minimal soil disturbance and without synthetic soil amendments or pesticides. 
The Tohono O'odham adapted maize to accommodate the limitations and uncertainties 
of their environment and developed production strategies that capitalize on natural processes. 
Understanding the biology of desert-adapted cultivars and the effects of associated 
agroecosystem management strategies can contribute to the development of suitable cultivars 
and ecologically-sound production practices for arid and drought-prone areas (Anaya, 1992; 
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Bruins et al., 1986; Cleveland et al., 1994; Hudgens 1992; NRC, 1992; OTA,1983). 
Morphological characterization of drought resistant cultivars is fundamental for an ultimate goal 
of developing ideotypes for water-limited environments. 
Our research examines the morphological responses of Tohono maize to a range of 
irrigation regimes and planting arrangements. Objectives of this study were to 1) identify 
morphological features contributing to the reputed drought resistance of Tohono maize; and 2) 
determine the effect of production practices on maize morphology under arid conditions. 
MATERIALS AND METHODS 
Experimental Site 
The study was conducted in 1992 and 1993 at the New Mexico State Univ. (NMSU) 
Agric. Sci. Center at Los Lunas, NM. Soil was a Bluepoint loamy fine sand (mixed, thermic, 
Typic Torripsamments), with rapid permeability (Pease, 1975). Nitrogen, P, and K were 
preplant-incorporated each year at rates recommended for dryland maize production (Chapter 
1). Irrigation water was provided via a gravity-flow furrow system. Weeds were controlled 
by preplant cultivation and subsequent hand hoeing. The experimental area was surrounded by 
a 6-m, or wider, border of maize. 
Plant Materials 
Two short-season maize cultivars, Tohono O'odham-60 day maize (Tohono maize) and 
A619 x A632 (Hybrid), were evaluated. Tohono maize is an open-pollinated floury maize, 
adapted to the Sonoran Desert. Its "60-day" designation refers to the usual number of days 
from planting to flowering. A619 x A632 is a dent hybrid, adapted to the North Central U.S. 
Tohono maize seed was provided by Native Seeds/SEARCH, Tucson, AZ, and Hybrid seed 
was obtained from Univ. of Minnesota and Iowa State Univ. Hybrid was included in the 
study to provide a frame of reference. 
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Treatments 
The experiment was planted during the last week of May each year, at a population 
density of 40,000 plants ha"'. To evaluate the effects of planting pattern, planting depth, and 
irrigation regime, each cultivar was placed in each of the 20 levels of treatment combinations; 
Five irrigation regimes x two planting depths x two planting patterns. 
Planting Arrangements. The study compared the effects of two planting geometries, 
hills vs. rows. The hill planting geometry contained four plants per hill, with hills spaced 1 m 
equidistantly. Hill plot rows were 6 m long. The row pattern contained single plants, spaced 
0.25 m apart within the row and 1 m between rows, with 2-m long rows. All plots consisted 
of 6 rows. In addition, responses to two planting depths, 5 and 15 cm, were tested within 
each planting geometry. 
Trripation Regimes. All irrigation treatments were watered immediately after planting, 
to obtain good germination and stand establishment. Subsequent irrigations occurred at 
intervals established to create five levels of seasonal moisture (Table 1). Each irrigation 
treatment was separated by two or three border rows extending the length of the field. Maize 
was grown in these border rows. 
At each irrigation, water was allowed to flow into selected furrows between planted 
ridges until water had soaked to the center of each ridge for the length of the field. Gated PVC 
pipe controlled water distribution. All water applications were metered and controlled, except 
as previously described (Chapter 1). 
Data Collection. Data were collected only from plants in the interior of each plot. In 
hill plots, plants in each of the exterior rows and outer hill at the ends of each row were 
excluded from data collection. In row plots, plants in each of the exterior rows and the outer 
two plants at the ends of each row were not used for data collection. 
Morphological data were collected at or shortly after 50% silk emergence, or by 20 
August each year, from three random plants in each plot. In hill plots, one random plant in 
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each of three random hills were sampled. At the V6 stage (Ritchie et al., 1992), the node of the 
fifth leaf from the bottom of each main stem was marked so that vegetative stages and total 
number of leaves could be determined accurately. Additionally, a label was attached loosely 
around each main stem to distinguish the main culm from tillers and to identify individual 
plants. Leaf length along the midrib and width at the leaf midpoint were measured on 
alternating leaves of the main stem, beginning at the lower-most green leaf. Individual leaf 
areas were calculated with the formula: length x width x 0.75 = leaf area (Montgomery 1911). 
Individual leaf areas for each main stem were summed and multiplied by two to estimate the 
total green leaf area of each plant. Leaf area index (LAI), leaf area per unit land area, was 
estimated from the plot mean leaf area per plant. Plant height was measured from ground level 
to the insertion point of the flag leaf. Ear height was measured from ground level to the 
insertion point of the apical ear or ear shoot of the main stem. At harvest, the same three plants 
examined morphologically were used to determine dry matter productivity (Chapter 1). 
Daily meteorological data were collected by the NMSU Agric. Sci. Center at Los 
Lunas, NM. Meteorological instrumentation was located about 0.5 km from the experiment 
field. Potential evapotranspiration was estimated by NMSU as previously described (Chapter 
1). Growing degree days (GDD) were calculated using 30°C as the maximum and 10°C as the 
minimum cardinal air temperatures. 
Experimental Design and Statistical Analyses. The experiment was analyzed as a 
nested split-plot design, with replication nested within irrigation regime. The irrigation system 
did not permit randomization of irrigation treatments. Each year, the experiment was replicated 
three times. The five irrigation regimes were main plots. The eight cultivar x geometry x depth 
subplot combinations were completely randomized within each irrigation regime of each 
replication for a total of 120 plots each year. 
Analyses of variance were performed using the General Linear Models procedure of the 
Statistical Analysis System (SAS), version 6.07 for unix systems (SAS Institute, 1987). 
58 
Variability across treatments was considered significant at the P < 0.10 probability level. 
Unless otherwise stated, F values for main treatment effects were considered significant at the 
P < 0.05 level. To avoid type I errors, interactions were accepted as significant at the P < 0.05 
probability level only if component main treatment effects also were each significant. Means 
were separated using Fisher's LSD test at the 0.05 probability level. Data are reported as 
means, plus or minus standard error (± SE). 
RESULTS 
Weather Conditions 
Temperatures during the growing season, 26 May through 30 September each year, 
were warmer in 1993 than 1992 (Chapter 1). Mean daily air temperature during the season 
was 22.4°C in 1992 and 23.2°C in 1993. From planting through 50% flowering, 26 May 
through 15 August each year, daily air temperatures averaged 23.2°C in 1992 and 24.9°C in 
1993. Cumulative ODD did not differ importantly between years, with 1992 totaling 1462 and 
1993 totaling 1515 ODD (Chapter 3). During the growing season, soil temperature at 10 cm 
depth averaged 25.3°C in 1992 and 26.3°C in 1993. 
Total rain each summer was 160 mm. However, the summers differed in rain 
distribution (Chapter 1). Summer precipitation in 1992 was more evenly distributed 
throughout the season, with 78% received before 50% flowering. In contrast, only 20% of the 
1993 summer rain was received before 15 August. Differences in rain distribution resulted in 
more stressful conditions during vegetative development in 1993. Summer potential 
evapotranspiration was similar both years, totaling 973 mm in 1992 and 964 mm in 1993. 
Yield 
Relative to Hybrid, Tchono maize produced lower, but more stable, grain yields each 
year. Tohono maize also produced less total dry matter and more grain per unit leaf area. 
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resulting in greater and more stable harvest indices. Dry matter productivity and partitioning of 
each cultivar are reported in detail in Chapter 1. 
Morphology 
Plant Stature and Ear Position. Averaged across treatments, Tohono maize was 
significantly shorter than Hybrid each year, averaging 63% in 1992, and 78% in 1993, of the 
Hybrid's mean plant height. Both cultivars were significantly shorter in 1993 than in 1992 
(Fig. I). Relative to their respective mean plant heights in 1992, Tohono maize was 24%, and 
Hybrid was 38%, shorter in 1993. 
Plant height of each cultivar differed significantly among irrigation regimes in 1992 
(Fig. 1). In 1993, Tohono maize plant height also differed significantly among irrigation 
regimes, and Hybrid plant height was nearly significantly different (P < 0.10) among irrigation 
treatments. Plant height of each cultivar did not differ significantly between planting 
geometries or between planting depths either year. 
Concomitant with decreased plant height, the apical main-stem ear (primary ear) of each 
cultivar was significantly closer to ground level in 1993 than in 1992 (Fig. 1). The primary ear 
height of Tohono maize was significantly less than that of Hybrid each year. In 1992, ear 
height of each cultivar differed among irrigation treatments, but not between planting depths or 
geometries. Irrigation regimes and planting arrangements did not significantly affect primary 
ear height of either cultivar in 1993. 
Relative to the total number of leaf nodes, the mean primary ear node number of each 
cultivar did not differ between years or among treatments. Averaged across treatments and 
years, the primary ear of Tohono maize was located 4.7 ± 0.04 nodes from the top of the plant; 
the Hybrid primary ear averaged 7.0 ± 0.06 nodes below the flag leaf node. 
F.ar Number and Morpholopv. Excluding tiller ears, each cultivar produced 
significantly more grain-bearing ears per plant in 1992 than in 1993. In 1992, Tohono maize 
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had significantly more, but smaller, grain-bearing ears per plant than Hybrid. Averaged across 
treatments in 1992, Tohono maize produced 1.3+ 0.05 ears plant"', and Hybrid produced 1.0 
± 0.03 ears plant-'. Cultivars did not differ significantly for number of ears per plant in 1993, 
with Tohono maize averaging 0.8 ± 0.05, and Hybrid averaging 0.9 + 0.05 ears plant"'. Each 
cultivar differed significantly in number of grain-bearing ears per plant among treatments each 
year (Chapter 1). Under well-watered conditions in a greenhouse experiment (Chapter 3), 
cultivars did not differ in number of silked ears produced per plant. Tohono maize produced a 
mean of 1.4 ± 0.2 silked ears planr', and Hybrid averaged 1.1 + 0.1 silked ears plant"'. 
Each cultivar had significantly more kernel-rows per ear in 1992 than in 1993, and 
Hybrid exhibited more kernel-rows per ear than Tohono maize each year (Chapter 1). 
Averaged across treatments, Tohono maize ears had 10.4 ± 0.1, and Hybrid ears 14.6 ± 0.2, 
kernel-rows in 1992. In 1993, Tohono maize ears averaged 8.8 ± 0.3, and Hybrid ears 10.3 ± 
0.3, kernel-rows ear'. The number of kernel-rows per ear of each cultivar did not differ 
among treatments either year, except that in 1992, Hybrid ears differed between planting 
patterns. Hybrid plants grown in rows produced ears with an average of 14.4 + 0.2 kernel-
rows, and hill-grown plants produced ears exhibiting 14.9 ± 0.2 kernel-rows. 
Each year, Tohono maize ears were significantly smaller than Hybrid ears. Across 
treatments, Tohono maize ear length averaged 12.9 + 0.3 cm in 1992, and 9.7 ± 0.5 cm in 
1993, while Hybrid ears exhibited a mean length of 14.2 ± 0.3 cm in 1992, and 10.7 ± 0.3 cm 
in 1993. Tohono maize ear length did not differ significantly among treatments either year. In 
1992, Hybrid ear length differed significantly between planting patterns, and between planting 
depths; plants grown in rows, or sown at 15-cm depth, produced longer ears than plants 
grown in hills or sown at 5-cm depth. Hybrid ear length did not vary among treatments in 
1993. 
T.eaf Momhnlogv. Total number of leaves of each cultivar did not differ between 
years, with Tohono maize averaging 23% fewer leaves than Hybrid across treatments and 
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years (Table 2). Total number of leaves in Tohono maize did not differ significantly among 
treatments in 1992, or in Hybrid in 1993. Total number of leaves of each eultivar differed 
between planting geometries. Hybrid total number of leaves varied among irrigation regimes in 
1992. 
Leaf dimensions differed significantly between years within each eultivar, and between 
cultivars each year. Both cultivars exhibited shorter and narrower leaves in 1993 than in 1992 
(Table 3). Each year, Tohono maize leaf length and width were less than those of Hybrid. 
Irrigation regime had significant effects on Hybrid leaf length both years, and on Tohono maize 
leaf length in 1992. Both planting geometry and depth had significant effects on leaf 
dimensions of each eultivar. 
Tohono maize ratio of leaf length to leaf width, averaging 9.1 ± 0.1 in 1992 and 9.0 ± 
0.1 in 1993, was greater than that of Hybrid. Averaged across treatments, Hybrid leaf length-
to-width ratio (L/W) was 7.5 ± 0.1 in 1992 and 7.7 + 0.1 in 1993. Tohono maize L/W did not 
differ significantly among irrigation regimes either year. In 1992, Hybrid L/W differed 
significantly among irrigation regimes, with Irrigation 3 plants exhibiting a greater L/W than 
those in Irrigations 2, 4, and 5, and with those in Irrigations 1 and 2 exhibiting greater L/W 
than those in Irrigation 4. Hybrid L/W did not vary among irrigation treatments in 1993. The 
L/W of each eultivar was significantly greater in those plants grown in the hill than in the row 
geometry each year. In 1992, L/W was greater in Tohono maize plants sown at 5-cm than at 
15-cm depth, but did not differ significantly in Hybrid plants. In 1993, L/W was greater in 
Hybrid plants sown at 5-cm than those sown at 15-cm depth, with no difference in Tohono 
maize L/W between planting depths. 
Total green leaf area per plant at 50% silking was significantly less in Tohono maize 
than Hybrid each year, averaging about 45% less each year (Table 2). Leaf area of each 
eultivar was significantly different between years. Leaf area of each eultivar did not vary 
iDetween planting patterns or among irrigation treatments either year. In 1992, Hybrid leaf area 
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differed between planting depths. Averaged across treatments, the mean LAI at 50% silking 
was 2.3 ± 0.06 in Tohono maize, and 5.0 ± 0.10 in Hybrid in 1992; the 1993 mean Tohono 
maize LAI was 1.8 ± 0.07 and Hybrid LAI was 4.1+0.15. At 50% silking, there was no 
difference in leaf area distribution, relative to the apical main-stem ear, between cultivars. In 
1992,57% of the leaf area was at or above the apical main-stem ear in each cultivar. Similarly, 
60% of the Tohono maize, and 61% of Hybrid, leaf area was situated at or above the ear in 
1993. 
Although not quantified, differences in leaf display between cultivars were evident both 
years. Beginning two or three days after irrigation or rain, Tohono maize leaves tended to roll 
inward during midday and unroll during the night, so that leaves were fully exposed during 
morning hours. Interestingly, this nearly diurnal pattern of leaf involution was observed even 
when ample soil moisture should have been available. In contrast. Hybrid leaves remained 
fully exposed, wilting only after extended periods without water. 
Tillers. Tohono maize produced more tillers per plant than Hybrid each year. Each 
cultivar produced significantly more tillers in 1992 than 1993. Across treatments, Tohono 
maize had a mean of 2.6 ± 0.11 tillers plant"' in 1992, and 0.6 ± 0.09 in 1993. Hybrid 
averaged 0.2 ± 0.05 in 1992, and 0.0 ± 0.01 tillers plant"' in 1993. Each cultivar produced 
more tillers per plant when grown in rows than in hills in 1992, with no difference between 
geometries in 1993. Other treatments had no effect on the number of tillers per plant of either 
cultivar in either year. In both years and each cultivar, tillers were sub-equal to main stems. 
Roots. Aerial adventitious roots were nearly absent in Tohono maize, with an 
average of 1% of the plants exhibiting aerial roots across treatments each year. Among Hybrid 
plants, 41%, + 5, in 1992, and 21%, ± 4, in 1993, exhibited aerial adventitious roots; years 
were significantly different. In 1992, the percent Hybrid plants exhibiting aerial adventitious 
roots differed between planting patterns, with 50%, ± 7, of the row-grown plants, and 32%, + 
6, of the hill-grown plants, displaying aerial roots. Planting depth and irrigation regimes had 
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no significant effects on the presence of aerial adventitious roots in Hybrid either year. 
Treatments had no effect on the frequency of aerial adventitious roots in Tohono maize either 
year. Removal of soil from the base of ten random Tohono maize plants at the end of the 1992 
season exposed adventitious roots at about 5 cm below ground level on plants sown at each 
planting depth. In a greenhouse study involving well-watered, pot-grown plants, with one 
plant per pot (Chapter 3), 80% of the Tohono maize, and 100% of Hybrid, plants developed 
aerial adventitious roots. 
Other Momhological Features. Phenotypic variability was observed in each cultivar 
in both years, as well as in each treatment. Chlorophyll-deficient seedlings, resembling 
virescent mutants (Neuffer et al., 1968), occurred each year in each cultivar, with the 
frequency higher in Tohono maize than in Hybrid. Although a few of these died, most of these 
seedlings greened to normal. Tohono maize exhibited variability for silk, anther, and stalk 
color, ranging from normal to pink, red, or purple. Expression of purple coloration was sun 
dependent in some plants. Tohono maize kernels were cream-colored, with yellow kernels 
occurring rarely. All Hybrid kemels were yellow. 
In both cultivars, anthesis frequently began before all tassel branches were fully 
emerged from the whorl. A few Tohono maize plants appeared to be male sterile, with anthers 
failing to exsert. In Tohono maize, it was not uncommon for silk to begin emerging before the 
ear shoot was visible. Some Tohono maize husks developed leaf blades. A few Tohono maize 
ears had reduced husks, exposing the upper quarter to a third of the ear. Exposed tassel seed 
occasionally developed at the base of tiller tassels in Tohono maize. A few Tohono maize 
plants produced two to three ears at a single node. 
DISCUSSION 
The grain yields produced by Tohono maize in this study were consistent with reports 
by Nabhan (1983) and Castetter and Bell (1942). Tohono maize grain yields were also similar 
64 
to those of open-pollinated, floury-endosperm accessions from northern Mexico, which 
average 1614 kg ha-' with modern production practices (LAMP, 1991); averaged across 
endosperm types, accessions had a mean grain yield of 3064 kg ha"'. Under more favorable 
conditions, Tohono maize produced 3007 kg ha"' (Appendix B). Yield levels of Tohono maize 
indicate that this cultivar has potential utility in breeding programs for arid and drought-prone 
regions. 
The lower grain yields obtained from Tohono maize relative to Hybrid reflect, in part, 
its relatively shorter ear length and fewer number of kemel-rows per ear. Tohono maize ears 
conformed in length and row number to those recorded by earlier workers (Carter and 
Anderson, 1945). 
Tohono maize plants were shorter, produced fewer and smaller leaves along the main 
stem, and produced more tillers than Hybrid. These characteristics are similar to those 
previously described for Tohono maize and observed in other traditional maize cultivars native 
to the Southwest (Anderson and Cutler, 1942; Brown et al., 1952; Carter and Anderson, 1945; 
Castetter and Bell, 1942; Nabhan, 1983). The shorter plant stature and fewer leaves of 
Tohono maize may relate to its reduced barrenness and greater harvest index. Johnson et al. 
(1986) report that selection for reduced plant height results in the production of fewer leaves, 
earlier flowering, reduced barrenness and lodging, and consequently, increased grain yield and 
harvest index. Although plant height and leaf length of both Tohono maize and Hybrid were 
reduced in response to decreasing frequency of irrigation each year, reflecting the sensitivity of 
plant growth to water-deficits (Hsiao, 1973), the reduced plant height of Tohono maize was 
not associated with a reduction in grain yield or in harvest index. Similarly, in a comparison of 
two drought resistant hybrids, the more resistant hybrid was shorter and produced fewer, 
smaller, and shorter leaves (Ackerson, 1983). Furthermore, the ratio of potential 
evapotranspiration to potential photosynthesis increases with height in high insolation and 
windy environments, with shorter plants better adapted than taller plants under such conditions 
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(Kriedemann and Barrs, 1983). As postulated by Nabhan (1983), the smaller plant size of 
Tohono maize may contribute to its productivity under arid conditions. 
In an environment where water availability is sporadic and limiting, the smaller plant 
size of Tohono maize may reduce the water costs per plant for vegetative growth and 
maintenance, resulting in greater resource availability for grain production. Tohono maize 
exhibited greater grain production per unit leaf area and harvest index, consistent with the dry 
matter partitioning pattern of desert ephemerals, which emphasizes seed production with 
minimum vegetative growth (Jones et al., 1981). The greater grain production per unit leaf 
area of Tohono maize suggests that its smaller leaf area does not limit grain productivity. 
Although smaller leaf area results in less photosynthetic area, it also reduces UTmspirational area 
(Smith and Geller, 1980). Since light is not limiting in this desert environment, reductions in 
photosynthetic area may be offset by water conservation advantages conferred by a decreased 
transpirational area. In sorghum [Sorghum bicolor (L.) Moench], a reduced leaf area enables 
drought-stressed plants to maintain open stomata and continue photosynthesis (Garrity et al., 
1984). Tohono maize similarly maintained greater stomatal conductance and transpiration rates 
than Hybrid (Chapter 4). Thus, the smaller leaf area of Tohono maize likely contributes to its 
drought resistance. 
The smaller leaf area of Tohono maize resulted from its production of fewer, shorter, 
and narrower leaves compared to Hybrid. The smaller leaf area and leaf dimensions of Tohono 
maize may contribute to the maintenance of leaf temperatures conducive to photosynthesis. 
Averaged across treaUnents in the drier year, the mean temperature of Tohono maize leaves was 
significantly (P < 0.001) cooler than mean leaf temperature of Hybrid, and Tohono maize 
leaves were significantly closer to ambient temperature than Hybrid leaves (Chapter 4). Under 
water-deficit conditions, the tendency of smaller leaves to be closer to ambient temperature than 
larger leaves is attributable to boundary-layer effects (Smith and Geller, 1980; Taylor and 
Sexton, 1972). Convective cooling, a function of boundary-layer resistance, can be more 
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important than evaporative cooling in arid environments (Mansfield and Jones, 1976; Schulze 
et al., 1987). 
The relatively long and narrow shape of Tohono maize leaves is consistent with 
predictions derived from energy budget models that show relatively long and narrow leaves to 
be better adapted to desert conditions than the relatively shorter and wider leaves of Hybrid 
(Smith and Geller, 1980; Taylor, 1975). Jones (1979) also notes that narrow leaves tend to 
exhibit lower boundary-layer resistance, increasing the ratio of carbon assimilation to water 
loss. The narrow leaf width of Tohono maize is compatible with the strong association 
observed between drought resistance and narrow leaf widths among undomesticated grass 
species (Redmann, 1985). In addition to narrow leaf widths, all the drought-resistant species 
exhibited rolling or folded leaves. 
The leaf-rolling response observed in Tohono maize further reduces the effective width 
of Tohono maize leaves, reducing the exposed leaf area, and consequently, decreasing 
intercepted radiation. The resulting reduced leaf heat load diminishes the water required for 
evaporative cooling and to protect the leaf from photoinihibition or metabolic damage that can 
result from excessive leaf temperatures under high irradiance (Heckathom and DeLucia, 1991; 
Redmann, 1985; Schulze et al., 1987). Thus, leaf involution provides a reversible mechanism 
for modulating light interception and water loss (Jones, 1979). Under windy conditions, 
common in the Southwest, leaf rolling may also improve the efficiency of stomatal closure by 
enhancing water conservation (O'Toole and Cruz, 1980). The nearly diurnal pattern of 
Tohono maize leaf involution across all irrigation regimes indicates that this behavior involves 
factors other than, or in addition to, decreasing water availability. In a greenhouse study, 
Ackerson (1983) found that the more drought-resistant hybrid exhibited greater leaf rolling, 
and its leaf involution occurred at a higher leaf water potential, than the less resistant hybrid. 
The Tohono maize leaf-rolling pattem observed in the field was not evident in our greenhouse 
experiment (Chapter 3). The leaf-rolling observed in the field study, however, corroborates 
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Nabhan's (1983) report that Tohono maize alters its leaf display and supports his contention 
that Tohono maize leaf display possesses an adaptive mechanism to high irradiance and water-
deficit conditions. Reduced water loss in a drought resistant maize hybrid may relate to its leaf-
rolling tendency (Ackerson, 1983). 
Both Tohono maize and Hybrid had about 60% of their green leaf area at flowering 
distributed at or above the primary ear, with the Tohono maize primary ear located closer to 
ground level. The relative positions of the primary ear and leaf area distributions of Tohono 
maize and Hybrid support the hypothesis of Dwyer et al. (1992) that ears of early-maturing 
maize with small total LAI tend to be located lower in the canopy and have a greater proportion 
of leaf area above the ear. They note that this architecture enhances grain productivity because 
leaves above the ear have higher photosynthetic rates and supply most of the photoassimilates 
during grain-fill. Additionally, the relative proximity of the primary ear of Tohono maize to 
ground level may contribute to standability under the windy and flood conditions of indigenous 
fields. Tillering may also provide structural support to reduce lodging under native field 
conditions. 
Tohono maize tillering, as well as its prolific tendency, contribute to reproductive 
plasticity. Tohono maize exhibited tiller anthesis subsequent to main stem pollen shed and 
short anthesis-to-silking interval on the main stem across irrigation treatments and in the drier 
year (Chapter 3). Tillers ordinarily shed pollen after main stalk anthesis, and secondary ears 
on the main stem tend to silk later than the primary ear, extending the window for synchrony of 
pollen-shed and silk emergence. Other studies demonstrate that flowering synchrony and 
number of ears are associated with drought resistance (Byrne et al., 1995; Guei and Wassom, 
1992). Additionally, two-eared hybrids extract more water than single-eared hybrids under 
water-deficit conditions (Barnes and Woolley, 1969), and therefore, may postpone the effects 
of drought, resulting in greater grain yields. Prolificacy contributes to yield stability under 
stressful conditions and augments yield under more favorable conditions (Barreles et al., 1984; 
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Hallauer and Troyer, 1972; Schoper et al., 1986; Tollenaar et al., 1992). The reproductive 
plasticity exhibited by Tohono maize facilitated yield stability across irrigation treatments. 
Although subterranean rooting pattern in Tohono maize was not examined, Tohono 
maize may allocate a greater proportion of assimilates to roots than to shoots for development 
of a deeper or more extensive root system. Deep-rooting has been demonstrated in other 
drought-resistant maize cultivars native to the Southwest (Collins, 1914). Maize rooting depth 
and density are related to drought resistance (Lorens et al., 1987). Under arid conditions, 
however, delaying the first irrigation results in fewer aerial adventitious roots and restricts 
maize root growth (Jama and Ottman, 1993). Adventitious root development in warm-season 
grasses requires frequent rainfall or 9 to 13 d of available water to initiate growth (Roundy et 
al., 1993). Similarly, surface soil moisture during early stages of sorghum adventitious root 
growth affects the number of these roots that become functional (Ludlow and Muchow, 1990). 
Differences in the frequency of aerial adventitious roots of both Tohono maize and Hybrid 
between the field and greenhouse experiments, and between years in field-grown Hybrid 
plants, likely resulted from differences in surface moisture availability, with drier conditions 
restricting root development. The presence of aerial adventitious roots in Tohono maize grown 
in the greenhouse, but nearly complete absence under field conditions, suggests a rooting 
pattern that adjusts to growing conditions. Plants adapted to arid conditions commonly exhibit 
high root-to-shoot ratios, deep roots, or greater root densities (Jones et al., 1981; Nobel, 
1991). 
With the exception of leaf and stem lengths, Tohono maize morphological 
characteristics remained relatively constant in response to treatments and years. In contrast. 
Hybrid morphology and productivity exhibited significant variability. Among irrigation 
regimes. Hybrid grain and dry matter yield and harvest index differed. Hybrid leaf length, 
L/W, number of leaves, plant and ear heights, and relative ear height also varied among 
irrigation treatments. 
69 
Planting pattern had effects on the number of leaves and tillers, leaf length, and L/W of 
each cultivar, with these parameters generally greater in row-grown plants than hill-grown 
plants. Additionally, Hybrid leaf width, ears per plant, and other yield components differed 
between planting patterns. Planting geometry effects may be related to differences in 
competition among plants grown in hills vs. plants grown singly in rows. The hill geometry 
may contribute to standability under the floodwater and windy conditions that occur in 
traditional indigenous fields. 
In this study, planting depth had few evident effects on the characters measured. In 
1992, Hybrid sown at 15-cm produced greater leaf area, and more grain and total dry matter, 
than those sown at 5-cm depth. More moisture may have been available at the greater depth in 
1992, when precipitation occurred relatively frequently. In 1993, the drier year, depth had no 
such effects. Depth may have a greater effect under indigenous field conditions where surface 
soils often are sandy and underlain by more clayey zones (Nabhan, 1983). Such a soil profile 
promotes rapid water infiltration and prolongs water availability (Fischer and Turner, 1978; 
Modaihsh et al., 1985; Nobel, 1991; Sandor, 1995). The extra effort expended to plant deeply 
by hand suggests some advantage for deep-planting. In Hopi fields in northeastern Arizona, 
maize planted at 20 cm or deeper produces 163% more grain than maize planted less deeply 
(Manolescu, 1995). The effect of planting pattern and depth would be assessed more 
accurately in a traditional field setting. 
In summary, morphological traits important in the drought resistance of Tohono maize 
involve its small plant size, shorter stature and fewer leaves, its relatively long and narrow leaf 
shape and leaf involution behavior, and its tendency to produce tillers and multiple ears. The 
root system of Tohono maize needs further investigation. The plant architecture and 
morphological responses exhibited by Tohono maize contributes to its stable productivity under 
arid conditions. Tohono maize is adapted to its arid environment and to an agricultural system 
in which few environmental factors required for crop growth can be conttolled. Understanding 
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the adaptations of cultivars, and their interactions with traditional production practices in 
agricultural systems that have persisted for centuries, may provide insights for selecting 
suitable cultivars and plant traits, and for developing modem sustainable production systems 
for arid zones and drought-prone environments. 
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Table 1. Irrigation treatments. Frequency, number of irrigation, and total amount of water 
applied in each irrigation regime, including initial post-planting water application. 
Regime 
Irrigation 
Interval 
Total Number 
of Irrigations 
Total Irrigation 
Water Applied^ 
1992 1993 
1 2 weeks g 916 
- mm 
1024 
2 4 weeks 4 543 542 
3 6 weeks 3 451 334 
4 8 weeks 2 220 189 
S Unirrigated 1 148 94 
t Each year, all irrigation regimes received an additional 160 mm rain water during 
the season. 
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Table 2. Total number of leaves, and total green leaf area at 50% silking, of Tohono maize 
and Hybrid in 1992 and 1993. 
Total Number of Leaves Total Green Leaf Area 
number plant" ^  cm^ plant" ^  
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SE Mean SE 
1992 
Pattern 
Hill 13.4 0.2 17.2 0.1 b **** 1502 59 3112 79 
Row 13.3 0.2 17.8 0.1 a 1320 52 3128 92 
Depth (cm) 
5 13.2 0.2 17.4 0.1 1433 60 2991 86 b** 
15 13.3 0.2 17.5 0.1 1390 56 3250 79 a 
Irrigation 
1 12.8 0.3 17.2 0.2 b 1471 103 3048 129 
2 13.4 0.3 17.3 1.1 b 1469 75 3105 168 
3 13.1 0.2 17.3 0.2 b 1416 100 3299 127 
4 13.5 0.3 17.5 0.2 b 1332 95 3083 132 
5 13.2 0.3 18.2 0.1 a 1368 87 3066 123 
Across 
Treatments 13.2 0.1 17.5 0.1 
1993 
1411 41 3120 60 
Pattern 
HiU 12.6 0.2 b** 16.2 0.4 1160 63 2507 143 
Row 13.2 0.2 a 17.1 0.4 1114 61 2628 114 
Depth (cm) 
5 13.0 0.2 16.4 0.5 1194 60 2568 138 
15 12.8 0.2 16.8 0.3 1080 63 2566 121 
Irrigation 
1 12.9 0.3 17.2 0.3 1253 91 2672 130 
2 12.3 0.3 17.1 0.4 1083 93 2377 141 
3 13.8 0.4 16.5 0.6 1276 99 2764 211 
4 13.2 0.2 17.6 0.3 1184 57 2944 158 
5 12.3 0.5 14.8 1.0 891 110 2079 271 
Across 
Treatment 12.9 0.2 16.6 0.3 1137 44 2567 91 
Significant at 0.05, 0.01, 0.001, and 0.0001 probability levels, 
respectively, by an F test. 
t Means followed by different letters are significantly different at the P < 0.05 level using 
Fisher's LSD test; no letters indicate NS. 
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Table 3. Leaf length and width of Tohono maize and Hybrid in 1992 and 1993. 
Leaf Length Leaf Width 
cm cm 
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SE Mean SE 
1992 
Pattern 
Hill 45.5 10a **** 49.0 0.7 a** 5.0 0.1 6.4 0.1 
Row 40.9 0.9 b 47.1 0.9 b 4.9 O.I 6.9 0.1 a 
Depth (cm) 
5 43.9 1.1 47.6 0.9 4.9 0.1 6.5 0.1 b** 
15 42.5 1.0 48.4 0.7 5.0 0.1 6.8 0.1 a 
Irrigation 
1 48.7 1.6a** 50.9 0.7 a* 5.3 0.1 6.9 0.2 
2 45.0 1.1b 49.3 1.1 a 5.1 0.2 6.7 0.2 
3 42.7 1.9bc 50.8 0.9 a 5.0 0.1 6.7 0.2 
4 39.5 1.1 d 44.6 1.2 b 4.6 0.1 6.5 0.2 
5 40.2 0.7 cd 44.6 0.9 b 4.8 0.1 6.3 0.1 
Across 
Treatments 43.2 0.7 48.0 0.6 
1993 
5.0 0.1 6.6 0.1 
Pattern 
Hill 41.0 1.0 a** 45.7 1.0 4.4 0.1 5.9 0.2 b* 
Row 38.1 1.1 b 45.0 0.7 4.5 0.1 6.2 0.1 a 
Depth (cm) 
5 40.3 1.0 45.7 0.9 4.6 0.1 6.0 0.2 
15 38.7 1.1 45.0 0.8 4.4 0.1 6.1 0.1 
Irrigation 
1 44.3 1.7 48.1 0.9 a* 4.7 0.2 6.2 0.1 
2 39.9 1.3 44.1 0.7 b 4.4 0.2 5.9 0.1 
3 40.8 1.3 49.2 1.0 a 4.8 0.1 6.5 0.2 
4 36.5 1.2 44.1 1.1 b 4.4 0.1 6.2 0.1 
5 36.1 1.6 41.1 1.6 b 4.1 0.1 5.4 0.3 
Across 
Treatments 39.5 0.7 45.3 0.6 4.5 0.1 6.1 0.1 
Significant at 0.05, 0.01,0.001, and 0.0001 probability levels, 
respectively, by an f test. 
t Means followed by different letters are significantly different at the P < 0.05 level using 
Fisher's LSD test; no letters indicate NS. 
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Fig. 1. Plant and ear heights. Columns are mean plant height and SE bars. "E" on column shows mean ear height and 
SE bar. Different small letters above columns or ear height indicators within treatment category are significantly 
different at the P s 0.05 probability level using Fisher's LSD test; no letters indicate NS. t Irrigation effect on 
Hybrid plant height in 1993 was nearly significant at the P < 0.10 level. 
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CHAPTER 3. 
PHENOLOGY OF A DESERT-ADAPTED 
NATIVE AMERICAN MAIZE CULTIVAR 
A paper to be submitted to Crop Science 
Deborali A. Muenchrath* and Ricardo J. Salvador 
ABSTRACT 
Increasing demands for water by agricultural and non-agricultural users, together with 
recurring droughts, necessitate research to maintain and improve rainfed productivity. Basic 
understanding of agroecosystems that have persisted in arid environments will contribute to the 
development of drought-resistant cultivars and ecologically-appropriate production practices for 
arid and drought-prone regions. Native Americans of the arid southwestem U.S. and northern 
Mexico have developed agricultural systems that for centuries have provided viable levels of 
production within severe environmental constraints. This research was conducted to identify 
biological attributes contributing to the reputed drought resistance of a traditional maize 
cultivar, and to determine the effects of production practice on maize productivity under arid 
conditions. The study examined the phenological responses of a maize cultivar, native to the 
Sonoran Desert, and a modem hybrid, adapted to the North Central U.S., to five irrigation 
regimes. Responses were evaluated in the contexts of traditional indigenous and modem 
commercial planting geometries and depths. Relative to the hybrid, the native maize exhibited 
more rapid emergence and vegetative development, greater phenological plasticity during the 
Deborah A. Muenchrath and Ricardo J. Salvador, Dep. of Agronomy, Iowa State Univ., 
Ames, IA50011-1010. Thisstudywas conducted in cooperation with the New Mexico State 
Univ. Agric. Sci. Center at Los Lunas, NM. This material is based on work supported, in 
part, by a grant-in-aid of research from Sigma Xi, The Scientific Research Society. 
* Corresponding author. 
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reproductive phase, and maintained a shorter anthesis-to-silking interval. Both cultivars 
generally emerged more quickly and flowered earlier when sown in the hill geometry than in 
the row pattern. The phenological plasticity exhibited by the native maize resulted in stable 
grain yields and harvest indices across irrigation regimes. 
INTRODUCTION 
Rising demands for water by agricultural and non-agricultural users worldwide, 
coupled with groundwater depletion, deterioration of water quality, desertification, and 
increased drought frequency, challenge the long-term sustainability of agriculture (Carlson, 
1990; McWilliam, 1986; OTA, 1983, Postel 1989; Schneider, 1989; Sheridan, 1981; World 
Resources Institute, 1990). Basic understanding of the characteristics of cultivars adapted to 
warmer, drier conditions and cropping systems that more efficiently utilize water resources is 
required to reduce the risk of crop failures and resulting socio-economic consequences. 
Agricultural systems that have persisted in harsh and fragile environments may provide 
pertinent resources for maintaining and improving sustainable maize production systems in arid 
or drought-prone areas (Cleveland et al., 1994; NRC, 1992; Williams, 1991). In the desert 
southwestern U.S. and northern Mexico, maize has been produced since 2000 to 3000 yr B.P. 
(Fish and Fish, 1994). Indigenous peoples of this region have adapted cultivars to arid 
conditions and developed production systems that accommodate and utilize natural processes to 
minimize abiotic stress. The traditional agricultural system of the Tohono O'odham, the 
"Desert People" (formerly known as the Papago), is typical of such enduring Native American 
systems. 
The Tohono O'odham produce an open-pollinated, floury maize {Zea mays L.) under 
conditions of low precipitation and humidity, high temperatures, intense sunlight, and 
occasional high winds in southern .'\rizona and northern Sonora (Mexico). Anderson (1954) 
asserts that the maize grown by the Tohono O'odham is productive with less rain than any 
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other maize. In agricultural areas of the Tohono O'odham Nation, precipitation is often limited 
and sporadic, averaging 125 to 150 mm rain during the the growing season (Castetter and 
Bell, 1942; Dunbier, 1968; Nabhan, 1983). Generally, rain totals have less relevance to plant-
available soil moisture than the frequency, amount, and distribution of single rain events 
(Shreve, 1934). Traditionally, the Tohono O'odham supplement scarce direct rainfall by 
locating fields on gently-sloping alluvial fans and at mouths of ephemeral waterways to take 
advantage of storm-runoff irrigation and to replenish soil nutrients (Castetter and Bell, 1942; 
Nabhan, 1983). Tohono O'odham maize is reputed to be productive with as few as two or 
three runoff irrigations. Similar rainwater-harvesting practices have been successfully utilized 
in traditional systems in Africa, Asia, and Latin America and as part of a modem agricultural 
system in the Negev Desert (Anaya, 1992; Bruins et al., 1986; Perrier, 1988). Additional 
Tohono O'odham practices involve deep planting, at 10- to 15-cm depth, in approximately 
equidistant, widely-spaced hills of several plants, with minimal soil disturbance and without 
synthetic soil amendments or pesticides (Castetter and Bell, 1942; Nabhan, 1983). 
The growing season on the Tohono O'odham Reservation is defined by available soil 
moisture. The Tohono O'odham usually sow maize in July or early August, immediately after 
the first summer rains have sufficiently wetted the soil to ensure good germination and stand 
establishment (Castetter and Bell, 1942; Crosswhite, 1981; Nabhan, 1983). Since summer 
rains are characteristically brief, intense, and highly-localized (Dunbier, 1968), the date of 
planting varies from field to field. Variability in planting date likely resulted in photoperiod-
insensitivity in Tohono O'odham maize (Anderson, 1954). The summer rainy season is brief 
and of variable duration, typically eight or fewer weeks, with the growing season ordinarily 
terminated by drought, rather than frost (Nabhan, 1983). Tohono O'odham maize reportedly 
accommodates the variability in the onset of drought by varying flowering up to three weeks. 
With favorable moisture conditions, maturity may be delayed up to one month. Nabhan (1983) 
postulates that such phenological plasticity, similar to that exhibited by undomesticated desert 
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annual plants, facilitates Tohono O'odham maize productivity under arid conditions. Drought 
resistance may be most efficiently achieved by manipulating phenology so that flowering 
occurs during optimal conditions (Ludlow and Muchow, 1990; Passioura, 1986). 
This research examines the phenological responses of Tohono O'odham maize to 
irrigation frequency, planting geometry, and planting depth. Objectives of this study were to 
1) identify phenological trends contributing to the reputed drought resistance of Tohono 
O'odham maize; and 2) determine the effect of production practices on the phenology of maize 
under arid conditions. 
MATERIALS AND METHODS 
Experimental Site 
The study was conducted in 1992 and 1993 at the New Mexico State Univ. (NMSU) 
Agric. Sci. Center at Los Lunas, NM. Soil was a Bluepoint loamy fine sand (mixed, thermic, 
Typic Torripsamments), with rapid permeability (Pease, 1975). Soil samples were collected 
and analyzed by NMSU before Spring field preparation and at the end of each season to 
determine soil fertility levels. Nitrogen, P, and K were preplant-incorporated each year at rates 
recommended for dryland maize production (Chapter 1). Irrigation water was provided via a 
gravity-flow furrow system. Weeds were controlled by preplant cultivation and subsequent 
hand hoeing. The experimental area was surrounded by a 6-m or wider border of maize. 
Plant Materials 
Two short-season maize cultivars, Tohono O'odham 60-day maize (Tohono maize) and 
A619 X A632 (Hybrid), were evaluated. Tohono maize is an open-pollinated floury maize, 
adapted to the Sonoran Desert. A619 x A632 is a dent hybrid, adapted to the North Central 
U.S. Hybrid was included in the study to provide a frame of reference. Tohono maize seed 
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was provided by Native Seeds/SEARCH, Tucson, AZ, and Hybrid seed was obtained from 
Univ. of Minnesota and Iowa State Univ. 
Treatments 
Tlie experiment was planted during the last week of May each year, at a population 
density of 40,000 plants ha"'. To evaluate the effects of planting pattern, planting depth, and 
irrigation regime, each cultivar was placed in each of the 20 levels of treatment combinations: 
Five irrigation regimes x two planting depths x two planting patterns. 
Planting Arrangements. The study compared the effects of two planting geometries, 
hills vs. rows. The hill planting geometry contained four plants per hill, with hills spaced 1 m 
equidistantly. Hill plot rows were 6 m long. The row pattern contained single plants, spaced 
0.25 m apart within the row and 1 m between rows, with 2-m long rows. All plots consisted 
of 6 rows. In addition, responses to two planting depths, 5 and 15 cm, were tested within 
each planting geometry. 
Irrigation Regimes. All irrigation treatments were watered immediately after planting, 
to obtain good germination and stand establishment. Subsequent irrigations occurred at 
intervals established to create five levels of seasonal moisture (Table 1). Each irrigation 
treatment was separated by two or three border rows of maize extending the length of the field. 
Border rows were irrigated only when both adjacent irrigation treatments were irrigated. 
At each irrigation, water was allowed to flow into selected furrows between planted 
ridges until water had soaked to the center of each ridge for the length of the field. Gated PVC 
pipe controlled water distribution. All water applications were metered and controlled, except 
as previously described (Chapter 1). 
Data Collection. Data were collected only from plants in the interior of each plot. In 
hill plots, plants in each of the exterior rows and outer hill at the ends of each row were 
excluded from data collection. In row plots, plants in each of the exterior rows and the outer 
two plants at the ends of each row were not used for data collection. 
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Days to emergence (DE) was defined on a plot basis as the number of days after 
planting (DAP) to the date on which 50% of the seedlings had emerged. Stand establishment 
was determined at 21 DAP as the number of plants emerged relative to the total number of 
kernels planted. Stages of development were monitored weekly from 30 DAP through 50% 
silk emergence using the system of Ritchie et al. (1992). At the 6-leaf stage (V6, Ritchie et al., 
1992), the node of the fifth leaf of each main stem was marked so that vegetative stages and 
total number of leaves could be determined accurately. In order to correct for differences 
between the cultivars in the total number of leaves produced, the rate of vegetative development 
was normalized by the formula: (current leaf stage/treatment mean ultimate leaf stage) x 100 = 
percent of final vegetative stage. Days to anthesis (DA) and to silking (DS) were defined as the 
number of days from planting to the date on which 50% of the plants in a plot had begun pollen 
shed or had silks emerged from the ear shoot (Rl, Ritchie et al., 1992) of main stems. Tiller 
flowering was not evaluated. Anthesis-to-silking interval (ASI) was calculated as the 
difference between DS and DA. Flowering was not monitored after 20 August each year. 
Therefore, plots that failed to reach 50% flowering by 20 August were treated as missing data 
in analyses of flowering data. 
Daily meteorological data were collected by the NMSU Agric. Sci. Center, Los Lunas, 
NM. Meteorological instrumentation was located about 0.5 km from the experiment field. 
Growing degree days (GDD) were calculated using 30°C as the maximum and 10°C as the 
minimum cardinal air temperatures. Potential evapotranspiration (PET) was estimated by 
NMSU by the Penman-Monteith method (Campbell, 1985). 
Greenhouse Study 
In addition to the field study, a greenhouse observational study was conducted to 
assess the survivability of Tohono maize and Hybrid when grown without water. The 
experiment was repeated twice. Each cultivar was sown at 5-cm depth in 8-L pots containing 
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coarse sand underlain by 3 cm of potting soil to prevent sand from escaping through drainage 
holes. Fifty to 70 plants of each cultivar, one plant per pot, were evaluated. Each pot was 
saturated with dilute nutrient solution, containing 20% N, 5% P, and 19% K, each day for tlie 
three days preceding planting. After planting, water was withheld from 30 to 35 of the pots 
(droughted); the remainder were saturated with dilute nutrient solution once a week (control). 
The greenhouse provided day and night temperatures of 30 and 16°C, respectively, and a 15-h 
daylength. For each droughted plant, the number of days to emergence and to plant death were 
recorded. A preliminary study indicated that droughted plants could be revived if the growing 
point remained hydrated. Thus, plant death was defined as the date on which all leaves were 
necrotic and the base of the seedling was dry and brittle. DE of each control plant was 
recorded; additionally, DA and DS were noted in the second repetition. Arrangement of 
droughted and control plants of both cultivars was completely randomized. 
Experimental Design and Statistical Analyses 
The field experiment was analyzed as a nested split-plot design, with replication nested 
in irrigation regime. The irrigation system did not permit randomization of irrigation 
treatments. Each year, the experiment was replicated three times. The five irrigation regimes 
were main plots. The eight cultivar x geometry x depth subplot combinations were completely 
randomized within each irrigation regime of each replication for a total of 120 plots each year. 
The greenhouse experiment was analyzed as a completely randomized design. 
Analyses of variance were performed using the General Linear Models procedure of the 
Statistical Analysis System (SAS), version 6.07 for unix systems (SAS Institute, 1987). 
Variability across treatments was considered significant at the P < 0.10 probability level. 
Unless otherwise stated, F values for treatment effects were considered significant at the P < 
0.05 level. Interactions were accepted as significant at the P < 0.05 probability level only if 
component main treatment effects also were each significant. Means were separated using 
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Fisher's LSD test at the 0.05 probability level. Data are reported as means, plus or minus 
standard error (+ SE). 
RESULTS AND DISCUSSION 
Weather Conditions and Soil Fertility 
Temperatures during the growing season, 26 May through 30 September each year, 
were warmer in 1993 than in 1992 (Chapter 1). Mean daily air temperature during the growing 
season was 22.4''C in 1992 and 23.2°C in 1993. During the first week after planting, mean 
daily air temperatures were 18.4°C in 1992 and 22.8°C in 1993. For the period from planting 
through 50% flowering, 26 May through 15 August each year, mean daily air temperatures 
were 23.2 in 1992 and 24.9°C in 1993. Mean soil temperature at 10-cm depth during the first 
week after planting was 20.7°C in 1992 and 24.2''C in 1993. Mean soil temperature acrcss the 
growing season was 25.3 °C in 1992 and 26.3°C in 1993. 
Cumulative GDD totaled 1462 in 1992 and 1515 in 1993 (Fig. 1). Cumulative ODD 
through 50% flowering were 956 and 1006 in 1992 and 1993, respectively. On a weekly 
basis, mean daily GDD did not vary between years, except that the week of planting and 
approximately the first weeks of July, August, and September had greater mean daily GDD in 
1993 than in 1992, and mean daily GDD during the last week of July in 1992 was greater than 
in 1993. Although the total amount of solar radiation received was similar both years, solar 
radiation was greater earlier in the season, and less later in the season, in 1993 than in 1992 
(Fig. 2). 
Total rain each summer was 160 mm (Fig. 2). Years differed, however, in rain 
frequency and distribution, with 1993 presenting the more stressful conditions during 
vegetative development (Chapter 1). Summer precipitation in 1992 was more evenly 
distributed throughout the season, with 78% received before 50% flowering. In contrast, only 
20% of the 1993 summer rainfall was received before 15 August. Total summer PET was 
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similar botli years, with 973 mm in 1992 and 964 mm in 1993 (Fig. 2). Generally, the total 
water received (irrigation plus precipitation) exceeded PET in Irrigation 1, and was less than 
PET in the other irrigation regimes, producing various levels of moisture deficits (Chapter 4). 
End-of-season soil fertility levels for N, P, and K did not differ significantiy among 
irrigation treatments in 1992 (Appendix B). In 1993, end-of-season fertility levels differed 
among irrigation regimes, with the less frequently irrigated treatments having generally higher 
levels of N, P, and K. However, the levels of N, P, and K in each irrigation regime at the end 
of the each season were all at levels rated as low by the NMSU Soil, Water, and Air Testing 
Laboratory. 
Phenology 
Emergence and .Stand Establishment. Each year Tohono maize emerged significantly 
earlier than Hybrid. Warmer air and soil temperatures resulted in more rapid emergence of 
both Tohono maize and Hybrid across treatments in 1993 than in 1992 (Table 2), consistent 
with the findings of Blacklow (1972) and Warrington and Kanemasu (1983a) that DE decrease 
with increasing temperature. Similar to the trends observed in the field, Tohono maize 
emerged in significantly fewer days than Hybrid in each repetition of the greenhouse study. 
Tohono maize and Hybrid emerged in 3.5 ± 0.1 d and 4.2 ±0.1 d, respectively, in the first 
greenhouse repetition. In the second repetition, DE averaged 4.8 + 0.1 d in Tohono maize, 
compared to 5.4 ± 0.1 d in Hybrid. Nabhan (1983) observed that Tohono maize emerges in 
Tohono O'odham fields from depths of 10 to 15 cm in about four days. 
Averaged across planting arrangements, Tohono maize required 44 + 4 GDD in 1992, 
and 42 + 2 GDD in 1993 for seedling emergence; Hybrid required 53 + 4 GDD in 1992 and 50 
± 3 GDD in 1993. The difierences in GDD to emergence between cultivars may reflect the 
differences in the usual conditions each cultivar encounters in its respective zone of adaptation. 
Hybrid is adapted to cooler soil and air temperatures, and Tohono maize is adapted to warmer 
88 
soil and air temperatures during germination and emergence. As a consequence of warmer soil 
temperatures, GDD to emergence observed in this study were less than the GDD requirement 
constant of 63 + 5 GDD (with base air temperature 8.9°C) predicted by Warrington and 
Kanemasu (i983a). 
Each year, Tohono maize seedlings emerged significantly earlier when sown in hills or 
at 5-cm depth than those sown in rows or at 15-cm depth. In 1993, the interaction of planting 
pattern and depth had significant effects on DE in Tohono maize, with plants sown in the row x 
15 cm depth combination emerging in 4.5 + 0.13 d compared to a mean of 4.0 + 0.02 d across 
the other treatment combinations. Hybrid seedlings also emerged significantly earlier when 
sow.n in hills or at 5-cm depth than those sown in rows or at 15-cm depth in 1993. Hybrid 
emergence did not differ significantly between planting patterns or depths in 1992, and there 
were no significant treatment interactions either year. The effect of planting pattern on DE may 
have resulted from increased mechanical loosening of the soil by multiple seedlings emerging 
through the same soil volume. The fewer DE among those plants sown at 5-cm depth, 
compared to those sown at 15-cm, resulted from the decreased distance to the soil surface. 
Stand establishment did not differ between cultivars in 1992 (Table 2). In 1993, 
however, Tohono maize exhibited significantly better stand establishment than Hybrid. Hybrid 
stand establishment did not differ significantly between years. The differential responsiveness 
of Tohono maize and Hybrid in 1933 may result from the adaptation of Tuliono maize to 
warmer temperatures. In its native agroecosystem, air temperature during the weeks following 
planting average 27 to 32°C (Dunbier, 1968). Hybrids adapted to the Upper Midwest, in 
contrast, have been selected under cooler early season temperatures. 
Tohono maize stand establishment varied between planting depths in 1992, but not in 
1993 (Table 2). Hybrid stand establishment differed between planting geometries and between 
planting depths in 1993. In the greenhouse study, Tohono maize had 100% stand 
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establishment in both repetitions, and Hybrid had 100 and 98% stand establishment in the first 
and second repetitions, respectively. 
Relative to Hybrid, the more rapid emergence and generally better stand establishment 
of Tohono maize indicates better seedling vigor of the native maize under these conditions. 
Seedling vigor may be related to a greater capacity of the the mesocotyl to elongate. Other 
maize cultivars native to the Southwest, traditionally planted at 10- to 45-cm depth, exhibit 
plasticity in mesocotyl elongation, facilitating emergence from such depths (Collins, 1914). 
Although no di; 5Ct relationship was observed between DE or stand establishment and yield, the 
more rapid emergence of Tohono maize may confer some advantage in its native 
agroecosystem. Water is available at plarting, but becomes less reliable as the season 
progresses. Munoz and Salvador (1994) assert that subsistence farmers of the Mexican 
highlands have matched cultivar moisture requirements for germination and seedling 
establishment with early-season moisture availability. Nabhan (1983) suggests that Tohono 
maize, like undomesticated desert annuals, is most vulnerable to drought and heat during the 
seedling stage. Thus, rapid emergence may enable seedlings to take advantage of water 
availability early in the season for growth of roots and shoots, affecting stand establishment 
and potential productivity. 
Vegetative Development. Each year, Tohono maize vegetative development was 
more advanced than that of Hybrid until Tohono maize approached flag leaf stage (Fig. 3). 
Tohono maize had more leaves than Hybrid until late July, but ultimately, Tohono maize 
produced fewer total leaves than Hybrid. Total number of leaves of each cultivar did not differ 
between years. Averaged across treatments and years, Tohono maize produced a mean of 13.1 
± 0.1 leaves plant"', and Hybrid produced 17.1 + 0.2 leaves plant"' (Chapter 2). Tohono 
maize progressed through leaf stages at similar rates each year, averaging 64 GDD per leaf 
stage in 1992, and 66 GDD per leaf stage in 1993. Hybrid rate, however, varied between 
years, averaging 48 and 59 GDD per leaf stage in 1992 and '993, respectively. Differences in 
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Hybrid development rates between years were a consequence of growth differences during 
Weeks 5, 9, and 10 of the growing seasons; development during Week 6 was nearly 
significantly different between years (P < 0.09). The differences between years in Hybrid 
development observed in Week 5 are attributable to the effects of warmer temperatures during 
and preceding Week 5 in 1993. With photoperiod held constant, warmer temperatures 
generally increase the rate of development (Ellis et al., 1992; Warrington and Kanemasu, 
1983b). However, the subsequent relative delays in Hybrid development in 1993 occurred as 
a result of less precipitation during vegetative growth in 1993 than in 1992. Hybrid response 
to the drier conditions of 1993 supports the findings of Muchow and Carberry (1989) that 
water deficits during early vegetative development decrease the rate of leaf appearance, but 
have no effect on final leaf number. 
Vegetative development of Tohono maize and Hybrid was generally delayed in the less 
frequently irrigated treatments during Weeks 5, 7 and 8 in the 1992 season (Fig. 4). Greater 
variability in development within irrigation regimes in 1993 than in 1992 resulted in a general 
lack of significant differences between irrigation treatments [CV across treatments and weeks 
averaged 5.9 and 10.0 for Hybrid in 1992 and 1993, respectively, and 7.1 and 8.6 for Tohono 
maize in 1992 and 1993, respectively]. In 1993, Tohono maize development differed among 
irrigation regimes in Week 7; Hybrid development was nearly significantly different among 
irrigation treatments during Week 7 (P < 0.10), with an LSD of 3.1. Development trends 
among irrigation regimes support the findings of Jama and Ottman (1993) that delaying the first 
irrigation after emergence in an arid climate delays vegetative development. Both years, 
however, Tohono maize vegetative development was less delayed than that of Hybrid. Lorens 
et al. (1987) report that crop growth rate is less reduced in drought-resistant than in drought-
susceptible maize under water-deficit conditions. 
Tohono maize vegetative development did not differ between planting patterns in 1992, 
but differed during Week 6 in 1993, with row plants 2.3% ahead of hill plants. This apparent 
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difference resulted from the production of significantly more leaves on Tohono maize plants 
grown in rows (13.2 ± 0.2 leaves plant"') than in hills (12.6 ± 0.2 leaves plant"') in 1993 
(Chapter 2). Planting geometry did not affect total number of leaves produced by Tohono 
maize in 1992. Both years, Hybrid exhibited more rapid vegetative development when grown 
in the row geometry than in the hill pattern, averaging 2.2% faster in 1992 and 3.8% faster in 
1993. In 1992, Hybrid plants produced more leaves when grown in the row pattern (17.8 ± 
0.1 leaves plant"') than in the hill pattern (17.2 ± 0.1 leaves plant"'). In 1993, Hybrid 
produced nearly significantly (0.05 <P < 0.06) more leaves on plants grown in rows (17.1 ± 
0.4 leaves plant"') than on those grown in hills (16.2 + 0.4 leaves plant"'). Although plant 
population density was the same, these planting pattern effects suggest greater interplant 
competition for water, light, or other growth resources among hill-grown plants than row-
grown plants under our experimental conditions. 
Hybrid plants sown at 15-cm developed an average of 1.3% more rapidly than those 
Hybrid plants sown at 5-cm depth in 1992. Hybrid vegetative development did not differ 
significantly between planting depths in 1993. Tohono maize vegetative development was 
unaffected by planting depth either year. Both years, planting depth had no significant effect 
on the total number of leaves produced by each cultivar. The depth effect on Hybrid 
development in 1992 likely resulted from greater water availability at the greater depth; 
however, under the drier conditions of 1993, there was probably little difference in water 
availability between the two depths tested. Water availability differences between depths in 
1992, but not in 1993, are supported by the finding that each cultivar sown at the greater depth 
exhibited greater transpiration rates than those sown more shallowly in 1992, with no 
significant planting depth effects on transpiration rate in either cultivar in 1993 (Chapter 4). 
The occurrence of depth effects on Hybrid, but not on Tohono maize, development 
implies differences in rooting pattern. Although rooting depth and distribution were not 
examined in this study, we postulate that Tohono maize develops deeper roots, similar to the 
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deep-rooting characteristic described in other maize cultivars native to the Southwest (Collins, 
1914). The presence in Hybrid, but nearly complete absence in Tohono maize, of aerial 
adventitious roots (Chapter 2) also suggests that the rooting pattern of Tohono maize differs 
from that of Hybrid, A deeper root system would diminish or mask differences in water 
availability between planting depths such that depth effects on Tohono maize development 
would not be detected. A preliminary screening of ten Pueblo maize accessions, native to 
semiarid New Mexico, shoi> ;d that these cultivars allocate significantly more growth resources 
to seedling root growth and development, in terms of both radicle length and total root system 
dry matter, than inbred B73 or open-pollinate Golden Cross Bantam when exposed to high 
temperatures during germination (Salvador and Rayapati, unpublished data). These findings, 
together with those of Collins (1914), suggest rooting differences between Tohono maize and 
Hybrid may account, in part, for differences observed in planting depth effects on vegetative 
development between cultivars. 
Flowering. In both cultivars, anthesis commonly began before the flag leaf was fully 
expanded, or before the tassel was fully exserted from the whorl. Tohono maize silks 
frequently emerged before the ear shoot was visible. Each year, all plots had reached at least 
50% silking before 15 August, except one plot in 1992 and 16 plots in 1993. The single plot 
with delayed flowering in 1992 was a Hybrid plot sown in the row x 5 cm depth arrangement 
in Irrigation 5. This plot reached anthesis by, and silking after, 20 August; the plot was at 
physiological maturity (R6, Ritchie et al., 1992) by 30 September. In 1993, all Tohono maize 
plots were at 50% anthesis by 15 August. Among Hybrid plots in 1993, three plots failed to 
reach 50% anthesis by 15 August or by 30 September. In 1993, 16 plots exhibited delayed 
silking: One Tohono maize plot and 15 Hybrid plots (Fig. 5). Silking delay occurred in each 
irrigation regime in 1993. Frequency of plots with delayed silking was greater in the row than 
the hill planting geometry; frequency did not differ between planting depths. By harvest, the 
delayed Tohono maize plot and two of the delayed Hybrid plots had reached R6, with the 
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remainder at silldng to dough stage (Rl to R4, Ritchie et al., 1992), except the three Hybrid 
plots which failed to reach 50% flowerirg by the end of the season. The greater frequency in 
flowering delays in 1993 than in 1992 resulted from the drier, warmer conditions that occurred 
in 1993. The trends among irrigation regimes and between planting geometries and depths in 
frequency of plots with delayed flowering in 1993 were similar to the general trends in DA and 
DS observed among treatments. 
Each year, DA and DS were significantly different between cultivars across treatments 
(Fig. 6). ASI across treatments did not differ between cultivars in 1992. In 1993, however, 
cultivars differed significantly in ASI, with Tohono maize a\ 'raging 5.2 + 0.6 d and Hybrid 
averaging 9.9 ± 0.6 d. Averaged across treatments, Tohono maize DA and DS were 
significantly earlier in 1993 than in 1992, and ASI did not differ between years. Hybrid DA 
did not vary between years, but its DS was significantly later in 1993 than in 1992, resulting in 
a significantly longer ASI. As observed in Hybrid, dry conditions lengthen the interval 
between pollen shed and silk emergence (Herrero and Johnson, 1981). In contrast, Tohono 
maize maintained a shorter ASI both years, corroborating evidence that drought resistance is 
directly associated with reduced silk delay, and silk delay due to drought is shorter in 
genotypes adapted to warmer temperatures (Jensen, 1971). The accelerated flowering and 
maintenance of a shorter ASI in Tohono maize under the more stressful conditions of 1993 
were consistent with flowering characteristics of maize populations selected for drought-
tolerance (Bolanos and Edmeades, 1993a,b; Fischer et al., 1989; Guei and Wassom, 1992). 
Similarly, among families derived from landraces and evaluated under rainfed conditions in the 
Mexican highlands, earlier maturing families tended to produce higher yields; the higher yields 
were related to the occurrence of more favorable temperatures and moisture availability during 
flowering (Barrales et al., 1984). In general, selection for earliness has resulted in the greatest 
gains among crop species bred for arid climates (Hall et al., 1979; Jones et al., 1981; Levitt, 
1980). 
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Planting geometry did not affect the timing of Tohono maize flowering in 1992 (Fig. 
6). In 1993, however, Tohono maize reached anthesis and silking earlier when grown in hills 
than in rows. In 1992, Hybrid anthesis occurred earlier in hill-grown plants than in row-
grown plants, but silking occurred sooner in rows than in hills. In 1993, Hybrid plants grown 
in the hill pattern also reached anthesis earlier than row-grown plants; silking, however, did not 
differ between planting geometries. Each year, geometry had no significant effect on the ASI 
of either cultivar. 
Planting depth had no significant effect on Tohono maize flowering or ASI in 1992 
(Fig. 6). In 1993, Tohono maize sown at 5-cm silked earlier than those sown at 15-cm depth, 
but anthesis and ASI did not differ between planting depths. Hybrid plants sown at 15-cm 
silked earlier and had a shorter ASI than those sown at 5-cm depth in 1992; however, planting 
depth had no significant effect on Hybrid flowering or ASI in 1993. Planting depth effects on 
Hybrid flowering were similar to planting depth effects on its vegetative development. 
Both years, irrigation regime had no significant effect on Tohono maize flowering or 
ASI. Irrigation regime had no effect on Hybrid flowering or ASI in 1992. In 1993, however, 
ASI for Hybrid plants grown in Irrigation 4 (5.9 ± 1.3 d) was significantly shorter than in the 
other regimes (11.4 ± 1.0 d). The relatively shorter Hybrid ASI in Irrigation 4 in 1993 
resulted from the timing of the treatment's single irrigation about two weeks prior to silking. 
Maize is most sensitive to water-deficits during the four weeks bracketing silk emergence 
(Denmead and Shaw, 1960). The responsiveness of Hybrid plants in Irrigation 4, but not in 
Irrigations 1 and 2, to the water application shortly before flowering may be related to soil 
nutrient status. The soil fertility in Irrigations 1 and 2 may have been reduced previously 
through plant extraction or leaching; in Irrigation 4, the single irrigation may have provided a 
pulse of nutrients with the water, promoting growth and flowering. A similar result was not 
observed in 1992, perhaps because the more frequent rain may have equalized fertility levels 
among irrigation regimes prior to the corresponding irrigation event. Furthermore, water was 
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less limiting in 1992 than in 1993. The lack of a similar response in Tohono maize in 1993 is 
attributable to the more advanced development and flowering of the native maize at the time of 
this irrigation during Week o In addition, Tohono maize response may be similar to that of 
species adapted to resource-poor environments; these species are often lees responsive to 
improved resource availability than species adapted to more favorable conditions (Pearcy et al., 
1987). 
Mean GDD to flowering differed between cultivars each year. Averaged across 
treatments, Tohono maize required 123 fewer GDD to reach antiiesis, and 134 fewer GDD to 
reach silking, than Hybrid in 1992. In 1993, Tohono maize needed 186 fewer GDD to 
anthesis and 238 fewer GDD to silking than Hybrid. Cumulative GDD to flowering did not 
differ significantly between years in Tohono maize. Tohono maize reached anthesis in 668 ± 5 
GDD in 1992, and in 652 + 8 GDD in 1993; silking was reached in 710 ± 6 GDD in 1992, and 
in 715 ± 9 GDD in 1993. In contrast. Hybrid differed significantly between years in 
cumulative GDD to anthesis (P < 0.01), and to silking (P < 0.0001). Hybrid anthesis required 
791+5 GDD in 1992 and 838 ± 8 GDD in 1993; silking required 844 ± 6 GDD in 1992 and 
954+ 9 GDD in 1993. 
Although the planting date in the current study was at least six weeks earlier than the 
usual earliest planting date of Tohono maize in its native production system, Tohono maize DA 
and DS of the main stem were consistent with reports that Tohono maize ordinarily flowers in 
50 to 70 DAP (Castetter and Bell, 1942; Nabhan, 1983). These results confirm the 
photoperiod insensitivity of flowering in Tohono maize postulated by Anderson (1954). The 
accelerated flowering of Tohono maize in 1993 is attributable to the relatively warmer soil 
temperatures early in the season during the period of tassel initiation. Assuming floral initiation 
occurs at about one-third of DA (Warrington and Kanemasu, 1983a), then Tohono maize tassel 
initiation would have occurred by the end of Week 3 of the growing season each year. The 
mean soil temperature in the vicinity of the growing point during the first three weeks was 
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23.0°C in 1992 and 24.4°C in 1993. The wanner soil and air temperatures in 1993 may have 
been sufficient to promote earlier flowering in Tohono maize. In day-neutral plants, flowering 
is primarily dependent on temperature (Hall et al., 1979). Turner (1986) asserts that earlier 
flowering is induced by mild water deficits and increased abscisic acid as a result of warmer 
shoot temperatures. In contrast to Tohono maize, Hybrid DA was consistent between years, 
indicating greater sensitivity to photoperiod. In photoperiod-sensitive cuitivars, temperature 
has less effect on time to tassel initiation and flowering than photoperiod (Hunter ci al., 1974; 
Warrington and Kanemasu, 1983a). 
Under greenhouse conditions, none of the drougbted plants of either cultivar in either 
repetition flowered, with development of both cultivars stagnating at about V4 stage. Among 
control plants in the second repetition, Tohono maize flowered significantly earlier than 
Hybrid. Control plants of Tohono maize reached anthesis in 57.9 ± 1.7 d after planting, and 
silking in 64.9 ± 1.7 d. Anthesis and silking of Hybrid occurred in 66.1 ± 0.4 and 74.7 ±0.8 
d, respectively; ASI was not significantly different between cultivars, averaging 6.6 ± 1.8 d in 
Tohono maize and 8.7 ± 1.0 d in Hybrid. 
The shifts in DA and DS exhibited by Tohono maize across treatments between years, 
and between the field and greenhouse experiments, corroborates Nabhan's (1983) observation 
of phenological plasticity in Tohono maize flowering, Such phenological variability is similar 
to the plasticity exhibited by common bean {Phaseolus vulgaris L.) cultivars adapted to rainfed 
production in the semiarid highlands of Mexico, where planting date is similarly varied to 
correspond to the onset of the summer rainy season (Acosta and White, 1995). In similar 
agroecosystems, maize cultivars have been adapted to highly-localized precipitation and 
temperature patterns; each of these cultivars produces reliable yields when grown in its 
ecological niche (Muiioz and Salvador, 1994). Ludlow and Muchow (1990) argue that 
phenology is the most important selection criterion for obtaining crop drought resistance. 
Phenology should match average water availability patterns so that critical developmental stages 
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coincide with an adequate water supply. Among undomesticated plants adapted to arid 
environments, annuals and drought-avoiding species accommodate sporadic and limited 
precipitation by shifting development to complete their life cycles or reproductive phases before 
the onset of drought conditions (Kramer, 1980; Levitt, 1980; Loomis and Connor, 1992; 
Turner, 1986). 
Reproductive plasticity in Tohono maize was enhanced further by its prolific tendency 
and by the production of tillers, sub-equal to the main stem (Chapter 2). Tohono maize had a 
lower percentage of barren ears than Hybrid in 1993 as a consequence of a shorter ASI and 
greater opportunity for effective pollination (Chapter 1). The reduced kernel set associated 
with asynchrony of anthesis and silking results from limited pollen at the time of silk 
emergence (Bassetti and Westgate, 1994). Ordinarily, subtending ears and tillers flower later 
than the main-stem apical ear and tassel, extending the window for synchrony of pollen shed 
and silk emergence. Thus, both ear prolificacy and tillering contribute to yield stability under 
stressful conditions and augment productivity under more favorable conditions (Barrales et al., 
1984; HallauerandTroyer, 1972; Tollenaar et al., 1992). 
Yield 
Relative to Hybrid, Tohono maize produced lower, but more stable, grain yields and 
less total dry matter than Hybrid each year (Chapter 1). Tohono maize also produced more 
grain per unit leaf area than Hybrid each year. Grain yields of Tohono maize were consistent 
with previous estimates of Tohono maize yields (Castetter and Bell, 1942; Nabhan, 1983), and 
similar to those of comparable cultivars (LAMP, 1991). 
Hybrid grain yield differed among treatments each year (Chapter 1). In 1993, Hybrid 
produced significantly greater grain yields in Irrigation 4 than in the other irrigation regimes. 
The elevated Hybrid yield in Irrigation 4 resulted from its shorter ASI relative to the other 
irrigation treatments, and supports the observations of Jama and Ottman (1993) that in arid 
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climates irrigation at anthesis is more important to grain yield than the timing of irrigations 
during the first half of vegetative development. In contrast, Tohono maize grain yields did not 
differ among treatments each year. These stable yields resulted from the short ASI maintained 
by Tohono maize in each treatment, as well as in the drier year. Drought resistance, defined in 
terms of yield stability under drought conditions, is highly correlated with reduced ASI (Bryne 
et al., 1995; Guei and Wassom, 1992). Thus, the siable grain yield and short ASI of Tohono 
maize demonstrate its drought resistance. 
Harvest indices (grain yield/total aerial dry matter) did not differ between cultivars in 
1992, but Tohono maize harvest index was significantly greater than that of Hybrid in 1993 
(Chapter 1). The greater harvest index and grain yield per unit leaf area of Tohono maize 
indicate more efficient dry matter partitioning in the native maize than in Hybrid. The rapid 
vegetative development and earlier flowering of Tohono maize may facilitate a water use pattern 
that conserves water for flowering and grain-fill. Since water, not light, is limiting in this 
environment, smaller plant size likely reduces water and assimilate requirements for growth 
and maintenance of vegetative tissues, resulting in greater assimilate availability for allocation 
in favor of grain production during the grain-filling period. Passioura (1986) notes a high 
correlation between harvest index and water use pattern such that a greater harvest index 
implies greater water availability to support flora! initiation and flowering, as well as 
photosynthesis, during grain-fill. Assimilate supply from photosynthesis concurrent with 
grain-fill contributes to grain yield more than remobilized assimib.(es in temperate maize 
(Tollenaar and Daynard, 1978; Tollenaar et al., 1992; Schussler and Westgate, 1994; 
Zinselmeier et al., 1995). Thus, the net effect of rapid vegetative development, coupled with 
smaller plant size and earlier flowering, is greater harvest indices and grain production per unit 
leaf area, and ultimately, more stable grain yields in Tohono maize. 
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Survivability 
In the field study, seedling deaths associated with chlorophyll deficiencies occurred in 
both cultivars each year. In 1992, 11 Tohono maize seedlings and three Hybrid seedlings 
died. No additional plant deaths in either cultivar occurred in the field in 1992. In 1993, 16 
Tohono maize seedUngs and two Hybrid seedlings died, again due to chlorophyll deficiencies. 
Excluding these seedling deaths, an additional 12 Tohono maize plants and zero Hybrid plants 
died later in the season, during early to mid August. Among these 12 Tohono maize plants, 10 
had flowered; two were in Irrigation 2, seven in Irrigation 3, and three in Irrigation 5. The 
cause of these deaths was unclear. 
In the greenhouse survivability experiment, the number of days to plant death did not 
differ significantly between repetitions. Unrelated to the drought treatment, three Tohono 
maize and two Hybrid plant.; died shortly after emergence; these were excluded from the 
analysis. Tohono maize survived significantly longer than Hybrid: Tohono maize survived an 
average of 72.4 + 1.4 DAP, and Hybrid 65.9 ± 1.3 DAP. Allowing for differences between 
the cultivars in DE, survival time differed significantly between cultivars, with Tohono maize 
surviving 68.2 + 1.4 d, and Hybrid 61.1 ± 1.3 d after eu.ergence. All control plants of each 
cultivar were alive at the termination of each repetition, except one chlorophyll-deficient 
Tohono maize plant that died ) 7 d after emergence. This capacity of Tohono maize seedlings 
to survive longer without water suggests that Tohono maize also has potential utility for 
breeding programs that target areas where drought commonly occurs early in the growing 
season. 
CONCLUSIONS 
The Tohono O'odham have adapted maize over centuries to accommodate the 
uncertainties and limitations of their environment, and they have developed production 
strategies that capitalize on natural processes. Their efforts have produced a drought-resistant 
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cultivar, as evidenced by stable grain yields and relatively high harvest indices. Tohono maize 
drought resistance is conferred, in part, by its rapid emergence and vegetative development, 
and its capacity to adjust flowering time to match environmental conditions and to maintain 
synchrony of pollen shed and silk emergence. As postulated by Nabhan (1983), Tohono 
maize phenological plasticity during the reproductive phase is a drought-avoiding mechanism, 
similar to that exhibited by desert ephemeral plants (Jones et al., 1981; Levitt, 1980; Loomis 
and Connor, 1992). 
Plants sown in the hill geometry generally exhibited more rapid emergence, better stand 
establishment, and earlier flowering. The general developmental acceleration of plants grown 
in hills would contribute to productivity in drier years by facilitating completion of the life cycle 
before severe water deficits occur. The hill arrangement may enhance plant standability under 
the occasional storm-runoff and windy conditions of indigenous fields. Furthermore, the hill 
arrangement requires less labor than rows for planting, an important consideration in a system 
that has traditionally involved manual labor. 
In this study, planting depth had few discemible effects on the parameters evaluated. 
Depth may have a more significant effect under native field conditions where the surface soils 
often ai-e sandy and underlain by more clayey soils (Nabhan, 1983). The extra effort required 
to plant deeply by hand suggests some advantage to deep-planting. In Hopi fields in 
northeastern Arizona, maize planted at 20 cm or greater depth produced 163% more grain dry 
matter than maize planted less deeply (Manolescu, 1995). The effects of planting arrangements 
should be tested under traditional Tohono O'odham field conditions to assess better the biology 
of adapted cultivars and their interactions with agroecosystem management strategies. 
Knowledge of native cultivars and associated practices is rapidly disappearing as fewer 
indigenous peoples continue to farm in the traditional manner (Cleveland et al., 1994; 
Crosswhite, 1981; Fernandez, 1994). Agricultural systems that have persisted under extreme 
conditions may provide crucial resources and insights for developing or improving sustainable 
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maize production systems for arid and drought-prone environments (Anaya, 1992; Bruins et 
I-!., 1986; Cleveland et al., 1994; NRC, 1992; OTA, 1983). 
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Table 1. Irrigation treatments. Frequency, number of irrigation, and total amount of water 
applied in each irrigation regime, including initial post-planting water application. 
Irrigation Total Number Total Irrigation 
Regime Interval of Irrigations Water Appliedt 
1992 1993 
1 2 weeks 8 916 
- mm 
1024 
2 4 weeks 4 543 542 
3 6 weeks 3 451 334 
4 8 weeks 2 220 189 
5 Unirrigated 1 148 94 
Each year, all irrigation regimes received an additional 160 mm rain water during 
the season. 
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Table 2. Emergence and stand establishment of Tohono maize and Hybrid in 1992 and 1993. 
50% Emergence Stand Establishment 
d after planting % of planted 
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SE Mean SE 
1992 
Pattern 
HiU 5.6 0.15 b** 6.0 0.00 93.3 1.1 92.3 1.1 
Row 6.2 0.11 a 6.3 0.14 87.7 2.5 87.7 2.9 
Depth (cm) 
5 5.7 0.14 b ** 6.0 0.00 95.0 1.2 a** 93.3 1.4 
15 6.1 0.13 a 6.3 0.14 86.0 2.3 b 86.7 2.7 
Across 
Treatments 5.9 0.10 6.2 0.07 90.5 
1993 
0.6 90.0 0.4 
Pattern 
Hill 4.0 0.03 b ** 4.6 0.09 b ** 99.5 0.4 98.5 0 7a **** 
Row 4.3 0.08 a 5.0 0.08 a 93.3 1.3 86.7 2.3 b 
Depth (cm) 
5 4.0 0.00 b **** 4.6 0.09 b *** 97Q 0.8 95.5 1.2 a* 
15 4.3 0.09 a 5.0 0.07 a 95.7 1.4 89.6 2.5 b 
Across 
Treatments 4.2 0.05 4.8 0.06 96.4 0.8 92.6 1.4 
**** Significant at 0.05,0.01, 0.001, and 0.0001 probability levels, respectively, by an F test, 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test; 
no letters indicate NS. 
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Fig. 3. Leaf stage and vegetative development. A. Mean and SE of leaf stages for 
Tohono maize and Hybrid in 1992 and 1993. B. Mean and SE of 
normalized vegetative development of Tohono maize and Hybrid in 1992 
and 1993. Mean time of anthesis (A) and silking (S) are shown for Tohono 
maize above, and for Hybrid below, data points in B, with 1992 flowering 
indicated by solid lines, and 1993 flowering shown by dotted lines. 
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Fig. 4. Vegetative development by irrigation regime. Mean leaf stage, as percent of mean ultimate leaf stage, for 
Irrigations 1, 2, 3, 4, and 5 are shown as O, A, •, •, and A, respectively. Bars above horizontal axes are 
LSD for corresponding week, where means were significantly different. 
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Fig. 5. Frequency of delayed flowering in 1993. Columns 
show number of Tohono maize plots (white), and 
Hybrid plots (black) exhibiting delayed silking, and 
Hybrid plots failing to silk by 30 September (hatched). 
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Fig. 6. Days to flowering of main stem. Gray columns show mean days to 50% anthesis and SE bar. Black 
columns show days to 50% silking and SE bar. 
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CHAPTER 4. 
STOMATAL CONDUCTANCE, TRANSPIRATION RATE, 
AND LEAF TEMPERATURE OF A 
DESERT-ADAPTED NATIVE AMERICAN MAIZE CULTIVAR 
A paper to be submitted to Crop Science 
Deborah A. Muenchrath* and Ricardo J. Salvador 
ABSTRACT 
Increasing demands for water, together with recurring droughts and a trend towards a 
warmer climate, necessitate development of drought resistant crop cultivars and production 
practices that utilize water resources efficiently. Native Americans of the arid southwestern 
U.S. and northern Mexico have developed maize cultivars that have provided viable levels of 
production within environmental constraints for centuries. Understanding the mechanisms that 
contribute to the drought resistance of cultivars adapted to arid regions will advance the 
development of cultivars to withstand warmer, drier conditions. In water-limited 
environments, stomatal responses provide reversible mechanisms that enable plants to adjust to 
fluctuations in water availability. This research examined the stomatal responses of Tohono 
O'odham maize, a cultivar native to the Sonoran Desert, and a modern hybrid adapted to the 
North Central U.S. to five irrigation regimes in an arid climate. Responses were evaluated in 
the contexts of traditional indigenous and modem commercial planting geometries and depths. 
Stomatal conductance, transpiration rate, and leaf temperature were evaluated. Tohono 
Deborah A. Muenchrath and Ricardo J. Salvador, Dep. of Agronomy, Iowa State Univ., 
Ames, lA 50011-1010. This study was conducted in cooperation with the New Mexico State 
Univ. Agric. Sci. Center at Los Lunas, NM. This material is based on work supported, in 
part, by a grant-in-aid of research from Sigma Xi, The Scientific Research Society. 
* Corresponding author. 
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O'odham maize maintained open stomata longer and recovered more quickly than the hybrid. 
Compared with the hybrid, the native maize exhibited lower stomatal conductance and 
transpiration rates during the vegetative phase, and greater conductance and transpiration rates 
at and shortly after flowering. Tohono O'odham maize stomatal responses relative to ontogeny 
indicated a pattern that optimizes COj uptake and water vapor loss over the course of the 
season. Stomatal behavior contributes to the drought resistance of Tohono O'odham maize. 
Effects of planting depth, but not of planting geometry, on stomatal conductance and 
transpiration rate of each cultivar were observed. Deep planting may enhance productivity in 
arid or drought-prone regions. 
INTRODUCTION 
Water is the most limiting factor for crop production. Increasing water demands by 
agricultural and non-agricultural users, coupled with the prevailing trend toward a warmer 
climate, signal the need to develop crop cultivars adapted to warmer, drier conditions and 
production practices that efficiently utilize water resources (Boyer, 1982; Cratzen and Graedel, 
1986; NRC, 1992; OTA, 1983; Postel, 1989; Sheridan, 1981; World Resources Institute, 
1990). An expanded understanding of drought-resistant crop cultivars will identify desirable 
traits and advance cultivar improvement to withstand greater aridity. 
In the arid and semiarid southwestern U.S. and northwestern Mexico, indigenous 
people have produced crops for centuries (Fish and Fish, 1994). They developed agricultural 
systems designed to obtain reliable yields with limited water. The Tohono O'odham 
agricultural system is representative of these time-tested systems. Their maize production 
system involves managed storm-runoff and deep planting, at 10- to 15-cm depth, in widely-
spaced hills of multiple plants (Castetter and Bell, 1942; Nabhan, 1983). Water availability 
defines the growing season. The onset of summer rains determines planting date, and drought 
ordinarily terminates the season. 
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Tohono O'odham adapted maize to accommodate the climatic conditions of the Sonoran 
Desert: Limited and sporadic rain, low humidity, high temperatures, intense sunlight, and 
occasional high winds. Tohono O'odham maize (Tohono maize) is reputed to be productive 
with less water than other maize cultivars (Anderson, 1954). Tohono maize produces stable 
yields and maintains high harvest indices across a range of water regimes (Chapter 1). Tohono 
maize plants tend to be short, have relatively long and narrow leaves, and produce multiple ears 
and tillers (Anderson and Cutler, 1942; Carter and Anderson, 1945; Chapter 2; Nabhan, 
1983). This desert-adapted maize exhibits rapid development and phenological plasticity, 
accelerating flowering under less favorable conditions (Chapter 3; Nabhan, 1983). Although 
morphological and phenological responses to water-deficits may be important components of 
drought resistance, these responses are irreversible. In contrast, stomatal responses are 
reversible, permitting the plant to adjust more readily to fluctuations in conditions (Cowan, 
1983). Stomatal responsiveness may be involved in the adaptation of Tohono maize to its 
desert environment. 
In water-limited environments, stomatal responses that facilitate maximum CO2 
diffusion with minimal v/ater loss may contribute to drought resistance (Jones, 1987; Levitt, 
1980b; Ludlow and Muchow, 1990). Two general strategies for drought-avoidance involve 
stomatal responses to internal and environmental conditions (Levitt, 1980b; Schulze, 1983). 
One strategy conserves water by closing stomata in response to high atmospheric demand or 
water shortage; this strategy is exhibited primarily by perennials and succulents. Although this 
water-conserving strategy enables plants to survive extreme water deficits, it usually retards 
growth rates. In environments where water is limiting and irradiance high, stomatal closure 
can result in photoinihibition and high leaf temperatures and may lead to metabolic damage 
(Chapin et al., 1987; Eastin et al., 1983; Farquhar and Sharkey, 1982; Levitt, 1980b; Schulze 
et al., 1987). Consequently, an altemative strategy that maintains open, or partially open, 
stomata facilitates transpirational cooling, CO2 diffusion, and growth. This strategy enables 
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annual species to grow and reproduce more quickly than a strategy that conserves water at the 
expense of growth. Among annual species, C4 plants, such as maize, exhibit greater 
U-anspiration efficiencies (g biomass kg-' water) than C3 species (Loomis and Connor, 1992). 
Stomatal aperture affects plant productivity by mediating CO2 diffusion and 
transpiration rate, and by indirectly causing changes in leaf temperature and in water and turgor 
potentials (Farquhar and Sharkey, 1982; Raschke, 1975; Wong et al., 1979). Stomatal 
conductance, the reciprocal of stomatal diffusive resistance to gas exchange, is a measure of the 
extent of stomatal opening. Stomatal movement responds to both environmental and internal 
plant factors, including plant water status, and CO2 and water vapor pressure gradients. Thus, 
stomatal behavior provides an integrated assessment of plant responses to internal and extemal 
conditions. 
The drought resistance of Tohono maize may involve stomatal responses that regulate 
water vapor loss to optimize CO2 assimilation and partitioning. Objectives of this exploratory 
study were to 1) characterize stomatal conductance, transpiration rate, and leaf temperature in 
response to irrigation frequency, and 2) determine the effects of management practices, 
planting depth and geometry, on maize stomatal behavior under arid conditions. 
MATERIALS AND METHODS 
Experimental Site 
The study was conducted in 1992 and 1993 at the New Mexico State Univ. (NMSU) 
Agric. Sci. Center at Los Lunas, NM. Soil was a Bluepoint loamy fine sand (mixed, thermic, 
Typic Torripsamments), with rapid permeability and 7.8 pH (Pease, 1975). Nitrogen, P, and 
K were preplant-incorporated each year at rates recommended for dryland maize production 
(Chapter 1). Irrigation water was provided via a gravity-flow furrow system. Weeds were 
controlled by preplant cultivation and subsequent hand hoeing. The experimental area was 
surrounded by a 6-m or wider border of hybrid maize. 
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Plant Materials 
Two sliort-season maize cultivars, Tohono O'odham 60-day maize (Tohono maize) and 
A619 X A632 (Hybrid), were evaluated. Tohono maize is an open-pollinated floury maize, 
adapted to the Sonoran Desert. A619 x A632 is a dent hybrid, adapted to the North Central 
U.S. and related to hybrid varieties commonly grown under the drier conditions of the western 
Com Belt (A.R. Hallauer, 1995, personal communication). Hybrid was included in the study 
to provide a basis for comparison. Tohono maize seed was provided by Native 
Seeds/SEARCH, Tucson, AZ, and Hybrid seed was obtained from Univ. of Minnesota and 
Iowa State Univ. 
Treatments 
The experiment was planted during the last week of May each year, at a population 
density of 40,000 plants ha"'. To evaluate the effects of planting pattern, planting depth, and 
irrigation regime, each cultivar was placed in each of the 20 levels of treatment combinations: 
Five irrigation regimes x two planting depths x two planting patterns. 
Planting Arrangements. The study compared the effects of two planting geometries, 
hills vs. rows. The hill planting geometry contained four plants per hill, with hills spaced 1 m 
equidistantly. Hill plot rows were 6 m long. The row pattern contained single plants, spaced 
0.25 m apart within the row and 1 m between rows, with 2-m long rows. All plots consisted 
of 6 rows. In addition, responses to two planting depths, 5 and 15 cm, were tested within 
each planting geometry. 
Irrigation Regimes. All irrigation treatments were watered immediately after planting, 
to obtain good germination and stand establishment. Subsequent irrigations occurred at 
intervals established to create five levels of seasonal moisture (Table 1). Each irrigation 
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treatment was separated by two or three border rows of maize extending the length of the field. 
Border rows were irrigated only when both adjacent irrigation treatments were irrigated. 
At each irrigation, water was allowed to flow into selected furrows between planted 
ridges until water had soaked to the center of each ridge for the length of the field. Gated PVC 
pipe controlled water distribution. All water applications were metered and controlled, with 
two exceptions. On 18 August 1992, after all plots were more than 50% flowered, irrigation 
water from an adjacent field flowed into sections of each irrigation treatment, except Irrigation 
1. During Week 7 of the 1993 growing season, water slowly leaked from the irrigation pipe 
into Irrigation 3. The leak was too slow for the flowmeter to record the amount, but it was 
sufficient to wet the soil the length of the field. Effects were apparently confined to Irrigation 3 
since adjacent border rows remained wilted. 
Data Collection. Data were collected only from plants in the interior of each plot. In 
hill plots, plants in each of the exterior rows and outer hill at the ends of each row were 
excluded from data collection. In row plots, plants in each of the exterior rows and the outer 
two plants at the ends of each row were not used for data collection. 
A LI-1600' steady state porometer (LI-COR Inc., Lincoln, NE) was used to measure 
stomatal conductance (gs), transpiration rate (TR), leaf temperature (TL), cuvette temperature 
(TA), relative humidity, and photosynthetic photon flux density (PPFD). The difference 
between TL and air temperature (AT) was calculated using cuvette temperature as an 
instantaneous estimate of air temperature in the formula: TL - TA = AT. Each plot was 
sampled once a week for a total of seven weeks, beginning in Week 5 of each growing season. 
Data were collected on the abaxial side of the youngest fully-expanded and exposed leaf on 
three random plants per plot. Although maize is amphistomatous, the lower leaf surface 
provides a reliable indicator of stomatal behavior (Sanchez-Diaz and Kramer, 1971). Porometer 
measurements were made near the middle of the leaves. Stage of development was recorded as 
previously described (Chapter 3). All measurements were taken during midday, between 1000 
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and 1500 h standard time. The porometer chamber was shaded between measurements. All 
plots in a replication were sampled in a single day each week with replications randomly 
assigned to day each week. Within replication, the order of data collection among irrigation 
regimes was randomized each day, with the initial plot within each irrigation regime also 
randomized. 
Daily meteorological data were collected by the NMSU Agric. Sci. Center, Los Lunas, 
NM. Meteorological instrumentation was located about 0.5 km from the experiment field. 
Potential evapotranspiration (PET) was estimated by NMSU by the Penman-Monteith method 
(Campbell, 1985). 
Experimental Design and Statistical Analyses 
The experiment was analyzed as a nested split-plot design, with replication nested in 
irrigation regime. The irrigation system did not permit randomization of irrigation treatments. 
Each year, the experiment was replicated three times. The five irrigation regimes were main 
plots. The eight cultivar x geometry x depth subplot combinations were completely 
randomized within each irrigation regime in each replication for a total of 120 plots each year. 
Analyses of variance were performed using the General Linear Models procedure of the 
Statistical Analysis System (SAS), version 6,07 for unix systems (SAS Institute, 1987). 
Variability across treatments was considered significant at the /• < 0.10 probability level. 
Unless otherwise stated, F values for treatment effects were considered significant at the P < 
0.05 level. Interactions were accepted as significant at the 0.05 probability level only if 
component main treatment effects also were each significant. Means were separated using 
Fisher's LSD test at the 0.05 probability level. Porometer measurements were analyzed using 
plot means calculated on weekly bases. Data are reported as means, plus or minus standard 
error (± SE). 
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RESULTS 
Weather Conditions 
Temperatures during the growing season, 26 May through 30 September each year, 
were warmer in 1993 than in 1992 (Chapter 1). Mean daily air temperature during the growing 
season was 22.4°C in 1992 and 23.2°C in 1993. During the porometer monitoring period. 
Week 5 through Week 11 of each growing season (29 June through 14 August), mean daily air 
temperature was 24.5 ± 0.4 °C in 1992 and 26.2 + 0.4 °C in 1993. Mean growing season soil 
temperature at 10-cm depth was 25.3''C in 1992 and 26.3°C in 1993. 
Although the total amount of solar radiation received was similar both years, solar 
radiation was greater earlier in the season, and less later in the season, in 1993 than in 1992 
(Chapter 3). Average PPFD at leaf surface during porometer measurements was 1807 ± 23 
Hmol m"2 s"' in 1992 and 1858 ± 19 (imol m"2 s"' in 1993. 
Total rain each summer was 160 mm (Chapter 1). Years differed, however, in rain 
frequency and distribution, with 1993 presenting the more stressful conditions during 
vegetative development. Summer precipitation in 1992 was more evenly distributed 
throughout the season, with 78% received before 15 August. In contrast, only 20% of the 
1993 summer rainfall was received before 15 August. Total rain received during the porometer 
monitoring period was 97 mm in 1992 and 21 mm in 1993. 
Total summer PET was similar both years, with 973 mm in 1992 and 964 mm in 1993 
(Fig.l). During the porometer monitoring period, daily PET averaged 8.4 ± 0.7 mm and 
totaled 370 mm in 1992; in 1993, average daily PET was 8.6 ± 0.4 mm and totaled 384 mm. 
Generally, total water received (irrigation plus precipitation) exceeded PET in Irrigation 1, and 
was less than PET in the other irrigation regimes, producing various levels of moisture deficit. 
Wind velocity during the porometer monitoring period averaged 5.2 + 0.3 km hr' in 1992 and 
3.4 ± 0.4 km hr' in 1993. During porometer measurements, relative humidity averaged 27.6 
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± 0.3% in 1992 and 25.2 ± 0.4% in 1993, and vapor pressure deficit averaged 3.78 + 0.73 
kPa in 1992 and 4.38 + 0.69 kPa in 1993. 
Phenology 
The phenologies of Tohono maize and Hybrid are described in detail in Chapter 3. 
Because Tohono maize vegetative development was more rapid and Tohono maize generally 
produced four fewer leaves than Hybrid, leaf number used for porometer measurements varied 
between cultivars each week. However, since all porometer measurements sampled the 
youngest fully-expanded leaf on each plant, the leaves measured in a given week developed 
under similar conditions. Tohono maize produced about 45% less leaf area than Hybrid both 
years (Chapter 2). In general, both cultivars began flowering before their flag leaves were 
fully expanded (Chapter 3). Tohono maize flowered earlier than Hybrid each year (Fig. 2). 
Porometer Measurements 
The number of days to a given porometer measurement since the most recent irrigation 
differed among irrigation regimes each year (Table 1). The mean time of day for data collection 
was similar both years, averaging 1244 ± 0125 h in 1992 and 1239 ±0113 h in 1993. 
Averaged across treatments, the mean GS, TR, and TL of each cultivar differed significantly 
between years (Tables 2 and 3). 
Stomatal Conductance. Cultivars differed significantly in gs each year. Averaged 
.•;ross treatments and weeks, Tohono maize gs was 15% greater than that of Hybrid in 1992, 
and 25% greater in 1993 (Table 2). Each cultivar generally exhibited significantly greater gs 
each week in 1992 than in the corresponding week in 1993 (Fig. 2). Averaged across 
treatments, gs of each cultivar varied from week to week each year. Generally, Hybrid gs was 
greater, or not different, than Tohono maize gs during the first three weeks of monitoring. 
Thereafter, Tohono maize gs was greater than Hybrid gs. 
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The trend in gs each week, relative to irrigation regimes, showed that both cultivars 
were responsive to irrigation applications (Fig. 3). Tohono maize gs generally increased more, 
or declined less, in response to irrigation, or lack of irrigation, than Hybrid during the second 
half of the monitoring period. Averaged across weeks, the cultivars generally did not differ in 
gs within irrigation regime in 1992 (Table 2). In 1993, however, Tohono maize exhibited 
significantly greater gs in Irrigations 1, 2, and 4 than Hybrid. Averaged across weeks each 
year, each cultivar differed significantly in gs among irrigation treatments (Table 2). 
In 1992, gs of each cultivar differed significantly between planting depths, with gs 
greater in plants sown at 15-cm, than in those sown at 5-cm depth (Table 2). Planting depth 
had no significant effect on gs of either cultivar in 1993. Each year, gs of each cultivar did not 
differ significantly between planting pattems. 
Transpiration Rate. As expected, the trends in TR were similar to those observed for 
gs. Averaged across treatments and weeks, Tohono maize TR was 1 greater than that of 
Hybrid in 1992, and 23% greater in 1993 (Table 2). Each cultivar generally exhibited 
significantly greater TR each week in 1992 than in the corresponding week in 1993 (Fig. 4). 
Averaged across treatments, the TR of both cultivars varied from week to week both years. 
Hybrid TR was greater, or not different, than Tohono maize TR until Week 9 in 1992, and 
until Week 8 of the 1993. During the remainder of the monitoring periods, Tohono maize TR 
was greater than that of Hybrid, corresponding to the general trends observed in gj. 
The pattern in TR between cultivars and among irrigation treatments each week closely 
resembled the gs pattern (Fig. 5). Compared to Hybrid during the second half of the 
monitoring period, Tohono maize TR generally increased more, or declined less, in response to 
irrigation. Averaged across weeks in 1992, the cultivars did not differ in TR within irrigation 
treatment, except that Tohono maize TR was greater than Hybrid TR in Irrigations 4 and 5 
(Table 2). In 1993, Tohono maize exhibited greater TR than Hybrid in Irrigations 1 and 2. 
124 
Averaged across weeks each year, each cultivar differed significantly in TR among irrigation 
regimes. 
Each cultivar differed significantly in TR between planting depths in 1992, with TR 
greater in plants sown at 15-cm compared to those sown at 5-cm depth (Table 2). There were 
no planting depth effects on TR in 1993. The TR of each cultivar did not differ between 
planting geometries either year. 
Leaf Temperature. Mean TL of each cultivar was significantly warmer in 1993 than 
in 1992. Averaged across treatments and weeks, cultivars were nearly significantly different 
(P < 0.08) in 1992, and were significantly different in 1993 (Table 3). Mean TL of each 
cultivar, averaged across treatments, varied among weeks both years (Fig. 6). In 1992, 
Tohono maize TL was significantly cooler than Hybrid TL during Weeks 5,9, and 10. Similar 
trends in TL occurred in 1993, with Tohono maize TL cooler than Hybrid TL during Weeks 8 
through 11. 
Averaged across weeks within irrigation regime, the cultivars did not differ in TL either 
year. TL of each cultivar increased significantly with decreasing frequency of irrigation in 
1993 (Table 3). Trends in TL between cultivars and among irrigation treatments each week 
generally mirrored the trends in TR (Fig. 7). 
Averaged across weeks and irrigation regimes, planting depth and pattern had no 
significant effects on Tohono maize TL either year (Table 3). Mean Hybrid TL differed 
significantly between planting depths in 1992, but not in 1993. Hybrid TL did not differ 
between planting patterns either year. 
T j^af and Air Temperature Difference. Mean TL of each cultivar was warmer than TA 
each year, with AT of each cultivar not significantly different between years. Averaged across 
weeks and treatments, AT indicated that Tohono maize TL was closer to TA than was Hybrid 
TL each year (Table 3). Averaged across treatments, AT of each cultivar varied among weeks 
both years (Fig. 8). Generally, Hybrid AT was greater than AT of Tohono maize each week in 
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1992. In 1993, AT did not differ between cultivars during Weeks 5, 6, and 7, but during 
Weeks 8 through 11, Tohono maize AT was less than Hybrid AT. 
Averaged across weeks within irrigation regime, the cultivars did not differ in AT in 
1992, with AT of each cultivar also increasing with decreasing frequency of irrigation (Table 
3). In 1993, Tohono maize AT was significantly less than Hybrid AT in Irrigations 2 and 4. 
In each cultivar, AT generally increased with decreasing irrigation frequency in 1993. Each 
year, differences in AT between cultivars and among irrigation treatments each week were 
observed (Fig. 9). 
Averaged across weeks and irrigation regimes, AT of each cultivar was greater among 
those plants sown at the more shallow depth than those planted deeply in 1992 (Table 3). 
Planting depth had no significant effect on AT of either cultivar in 1993. Both years, AT of 
each cultivar did not differ between planting patterns. 
DISCUSSION 
Environmental conditions were harsher in 1993 than in 1992: Temperatures were 
warmer, rain was less frequent and more limited, relative humidity was lower, and insolation 
was greater during the porometer monitoring period. The impact of these environmental 
factors was evident in the differences in gs, TR, and TL between years. Both cultivars 
generally exhibited lower gs and TR, and warmer TL, in response to the more stressful 
conditions of 1993. The general trends of declining gs and TR with declining frequency in 
irrigation in both cultivars each year demonstrated that the irrigation treatments effectively 
established several levels of water-deficit stress. Since the main conU-ol of TR is gs (Farquhar 
and Sharkey, 1982; Kramer, 1983) and gs and TR trends in this study were similar, this 
discussion will emphasize gs responses. 
Across treatments each year, Tohono maize generally exhibited a greater gs and TR than 
Hybrid. In response to irrigation frequency, Tohono maize maintained open stomata longer 
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and recovered from water-deficit stress more quickly than Hybrid. Although gs and TR are 
closely related, partial stomatal closure restricts TR, and thus, water loss, more than CO2 
assimilation (Chapin et al., 1987; Farquhar and Sharkey, 1982). Consequently, a plant's 
ability to maintain open stomata allows photosynthesis to continue under watsr-deficit 
conditions and contributes to drought resistance (Fischer et al., 1989; Henzell et al., 1976). In 
a Florida study, a drought-resistant maize hybrid had a lower diffusive resistance (i.e., greater 
gs) than a susceptible hybrid under water-deficit conditions (Lorens et al., 1987a). The 
susceptible hybrid closed its stomata earlier and more tightly during stress. Sorghum 
[Sorghum bicolor (L.) Moench] genotypes differing in drought resistance exhibit similar trends 
in stomatal diffusive resistances (Blum, 1974). Analogous patterns in gs indicate that Tohono 
maize is more drought resistant than Hybrid. 
Compared to Hybrid, Tohono maize exhibited similar or lower gs and TR during the 
first few weeks of the monitoring period. Subsequently, Tohono maize gs and TR exceeded 
those of Hybrid. This relative increase in Tohono maize gs and TR coincided with the onset of 
Tohono maize flowering. In contrast. Hybrid gs and TR were relatively less sensitive to 
ontogeny. The change in Tohono maize stomatal responsiveness between vegetative and 
reproductive phases resembles the gs and ontogeny trends reported for other C4 drought-
resistant species. In pearl millet [Pennisetum americanum (L.) Leeke], gs is greater in 
flowering than non-flowering plants (Henson et al., 1983). In sorghum, stomata are more 
responsive to water-deficit stress during vegetative than reproductive stages (Ackerson and 
Krieg, 1977; Blum, 1974; Garrity et al., 1984). 
The lower gs during the vegetative stage may have contributed to the smaller size and 
leaf area of Tohono maize plants (Chapter 2). In water-limited environments, lower gs during 
vegetative development restricts plant size and leaf area (Hall et al., 1979; Hsiao et al., 1985; 
Jones, 1987; Sinclair et al., 1984; Turner, 1986). As a result of smaller transpirational surface 
area, less total water may be lost by transpiration over the entire season, even with a higher 
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average TR. Consequently, lower TR during the vegetative phase, coupled with smaller leaf 
area, reduces the risk of depleting a limited water supply before the critical reproductive phase. 
Maize is most sensitive to water-deficit stress during the four weeks bracketing silk emergence 
(Denmead and Shaw, 1960). An elevated gs during flowering complements the earlier water 
conservation by more fully exploiting remaining available water to maximize CO2 uptake to 
enhance kernel set and grain-fill. 
The relative increase in gs in Tohono maize at flowering is consistent with an increase 
in demand for photoassimilate induced by flowering and early grain-fill activities. 
Photosynthetic rates are modulated, in part, by assimilate demand (Pearcy et aL, 1987), and 
assimilate from photosynthesis concurrent with zygote formation and early grain-fill affects 
kernel set (Schussler and Westgate, 1994; Tollenaar and Daynard, 1978; Tollenaar et al., 1992; 
Zinselmeier et al., 1995). Photosynthetic rate and gs are strongly correlated (Tenhunen et al., 
1987; Wong et al., 1979). Thus, the Tohono maize pattern of gs and TR with respect to 
ontogeny optimizes water use in its native environment, where water availability declines as the 
season progresses. Such a pattem is an important attribute for drought resistance in sorghum 
varieties and other species (Blum, 1974; Hall et al., 1979; Jones, 1987; Sinclair et al., 1984; 
Turner, 1986). Furthermore, the higher harvest index of Tohono maize compared to Hybrid 
(Chapter 1) is consistent with a favorable balance between CO2 uptake and water vapor loss 
over the season. Maintenance of a high harvest index under drought conditions is indicative of 
drought resistance (Eastin and Sullivan, 1984; Ludlow and Muchow, 1990; Sinclair et al., 
1984). 
The greater frequency in rain and higher relative humidity in 1992 than in 1993 
mitigated stress conditions in the less frequently irrigated treatments, diminishing any 
differences in mean gs between cultivars within irrigation regimes in 1992. Although their gs 
did not differ, the cultivars expressed differences in TR in Irrigations 4 and 5 in 1992, 
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demonstrating a greater capacity of Tohono maize than Hybrid to continue water extraction 
under greater water-deficit conditions. 
The relative infrequency of rain during the porometer monitoring period in 1993 
improved the differentiation among irrigation effects. The greater mean gs in Tohono maize 
than in Hybrid in Irrigations 1, 2, and 4 reflects the greater recovery of Tohono maize in 
response to irrigation during flowering. The lack of a corresponding difference in TR between 
cultivars in Irrigation 4 suggests that water was less available to both cultivars in this less 
frequently irrigated treatment. Similarly, cultivars did not differ in gs or TR in Irrigation 5, 
indicating that water uptake by both cultivars was restricted, probably by unavailability of soil 
moisture. Under the intermediate irrigation frequency of Irrigation 3, both Tohono maize gs 
and TR were generally less than those of Hybrid during the first half of the monitoring period, 
and generally greater than those of Hybrid in the second half, obscuring cultivar differences 
when averaged across the entire period. The unmetered water application in Irrigation 3 also 
may have diluted cultivar differences. The differences in gs and TR between cultivars in the 
drier year confirm that Tohono maize and Hybrid differ in traits that facilitate water flux 
through the soil-plant-atmosphere continuum, such as stomatal and root characteristics, and 
growth regulators. These traits have not been evaluated in these cultivars. 
The ability to transpire during periods of water deficit enables the plant to maintain 
favorable TL and protect it from heat damage, particularly in high irradiance environments 
(Chapin et al., 1987; Eastin et al., 1983; Levitt, 1980b; Schulze et al., 1987). Under the less 
stressful conditions of 1992, TL of each cultivar did not differ among irrigation treatments. 
The increasing TL with decreasing irrigation frequency observed in both cultivars in 1993 
mirror TR. TL is affected by TR, ambient temperature, and intercepted radiation (Farquhar and 
Sharkey, 1982; Gates, 1980; Schulze et al., 1987; Taylor, 1975). All TL observed in our 
study were well below 45 to 55°C, the upper temperature limit before permanent damage 
occurs in most plants (Levitt, 1980a). 
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Although the cultivars did not differ in TL in 1992 when averaged across the 
monitoring period, Tohono maize leaves were cooler than those of Hybrid during Weeks 5, 9 
and 10, The lower TL of Tohono maize leaves during Weeks 9 and 10 correspond to its 
greater TR during that time. The cooler TL during Week 5, however, cannot be explained by 
TR, which was lower in Tohono maize than Hybrid. The cooler Tohono maize TL during 
Week 5 may be related to leaf morphology or involution (Chapter 2). In 1993, Tohono maize 
leaves were cooler than Hybrid leaves during Weeks 8 through 11 as a result of the greater TR 
of Tohono maize. 
Averaged across weeks and treatments, Tohono maize leaves were closer to TA than 
Hybrid leaves both years. TL of both cultivars were closer to TA in the more frequently 
irrigated treatments each year. The smaller AT with increasing irrigation frequency resulted 
from the greater TR exhibited by both cultivars in the more frequently irrigated regimes. The 
generally smaller AT in Tohono maize resulted from its greater TR and narrower leaf shape or 
leaf-rolling behavior (Chapter 2). Leaf involution is characteristic of drought-resistant, 
undomesticated grass species (Redmann, 1985). Transpiration dissipates heat through 
evaporative cooling, while the narrower leaf dimension and reduced leaf exposure via leaf 
rolling enhances convective cooling (Gates, 1980; Heckathom and DeLucia, 1991; Schulze et 
al., 1987). Under water-deficit conditions, smaller leaves tend to be closer to ambient 
temperature than larger leaves due to boundary-layer effects (Smith and Geller, 1980; Taylor 
and Sexton, 1972). Because of the high gs of some desert annuals, boundary-layer resistance 
is an important component of total diffusive resistance and convective cooling (Farquhar and 
Sharkey, 1982; Mansfield and Jonea, 1976; Schulze et al., 1987). Thus, the combination of 
reduced effective leaf dimension and increased TR maintains TL closer to TA in Tohono maize. 
The greater ability of Tohono maize to maintain gs, TR, and TL closer to ambient temperature 
during stress periods and to recover when water becomes more available suggests Tohono 
maize possesses mechanisms that enable it to continue water uptake under water-deficit 
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conditions longer than Hybrid. Dehydration may be postponed by increased water absorption 
(Hall et al., 1979; Jones et al., 1981; Kramer, 1980; Levitt, 1980b, Ludlow and Muchow, 
1990; Schulze et al., 1987). 
Both Tohono maize and the Hybrid exhibited greater GS and TR, and TL closer to TA 
when planted at the greater depth in 1992. The planting depth effects on these parameters had 
corresponding effects on leaf area, grain, and total dry matter production, with both cultivars 
producing greater leaf area and more grain and total dry matter when sown at 15-cm than at 5-
cm depth (Chapters 1 and 2). Under the more favorable moisture conditions of 1992, the 
greater planting depth contributed to increased water flux through the plants and to increased 
productivity. A similar planting depth effect was not observed in 1993, suggesting that 
moisture availabihty or root distribution did not differ between planting depths in the drier year. 
Under indigenous field conditions, however, the deeper planting depth may be 
important to obtain reliable yield. Tohono O'odham fields, similar to those of other Native 
Americans in the Southwest, are generally located on sites having a coarser soil surface layer, 
underlain by a more clayey zone (Nabhan, 1983). The experimental site, in contrast, was a 
deep fine sand, with rapid permeability (Pease, 1975). Water infiltration and retention, as well 
as nutrient accumulation, are better on sites with sandy surface layers, underlain by fmer-
textured soils (Modiahsh et al., 1985; Sandor, 1995). Like the Tohono O'odham, the Hopi, 
traditional agriculturalists in northeastern Arizona, also plant deeply. Today, Hopi commonly 
plant between 10- and 33-cm depth to anchor plants better against runoff floods and windy 
conditions and to reduce animal predation of seed (Manolescu, 1995). In an assessment of 
yield in 1994, an unusually dry growing season, Hopi maize planted at 20 cm or deeper 
produced 163% greater grain yield than maize sown less deeply. Deep planting must be 
sufficiently important to yield to justify the extra labor required to plant deeply by hand. The 
potential of deep planting to improve yields in arid or drought-prone regions should be 
investigated further. 
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Planting geometry had no discernible effects on gs, TR, TL, or AT in this study. 
However, in a runoff agriculture system, the traditional hill pattern may provide greater 
structural support to reduce wash-outs and lodging. Furthermore, less manual labor is 
required to plant a field in a hill pattern than in rows. 
The length of the Tohono maize growing season is highly variable, with water available 
early in the season and less available as the season progresses. Additionally, the high 
variability in moisture conditions from season to season likely exerted selection pressure on 
Tohono maize for drought resistance mechanisms that facilitate a balance between water 
conservation and expenditure over a range of conditions. Tohono maize patterns in stomatal 
behavior relative to ontogeny contribute to its growth and productivity under conditions of 
limited and variable moisture and high irradiance. 
The results of this exploratory study suggest that the stomatal behavior exhibited by 
Tohono maize is an important attribute of its adaptation to arid conditions. Tohono maize 
attributes involved in stomatal responses may include stomatal number and size, leaf 
involution, osmotic adjustments, water-storage capacity, vascular segmentation, root length 
density, root hydraulic conductance, root-to-shoot ratio, and hormonal signals, (Aloni and 
Griffith, 1991; Hall et al., 1979; Jonis et al., 1981; Kramer, 1980; Levitt, 1980b; Ludlow and 
Muchow, 1990). Additional studies are required to identify the key mechanisms underlying 
the stomatal behavior of this desert-adapted cultivar. 
Since Tohono maize was adapted to its desert environment by a combination of directed 
biological evolution and agronomic management, its mechanisms of adaptation may be better 
understood by examining these mechanisms in the contexts of its customary production 
system. Crop productivity under arid conditions may be improved with deep planting. The 
potential of deep planting to enhance yields in arid and semiarid regions warrants further study. 
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Table 1. Irrigation treatments. Frequency, number of irrigation, and total amount of water applied in each 
irrigation regime, including initial post-planting water application, and interval between irrigation and 
porometer measurements. 
Mean Interval between 
Reeime Irrigation Irrigation and Total Number Total Irrigation 
Interval Porometer Measurement of Irrigations Water Appliedl^ 
1992 1993 1992 1993 
1 2 weeks 7.3 
... d 
8.1 8 916 
mm 
1024 
2 4 weeks 12.1 14.1 4 543 542 
3 6 weeks 24.1 24.1 3 451 334 
4 8 weeks 28.8 30. i 2 220 189 
S Unirrigated 54.1 54.1 1 148 94 
t Each year, all irrigation regimes received an additional 160 mm rain water during the season. 
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Table 2. Stomatal conductance and transpiration rate of Tohono maize and Hybrid in 1992 
and 1993. 
Stomatal Conductance Transpiration Rate 
mmol m-2 s'^ mmol m-2 s-1 
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEf Mean SE Mean SE Mean SE 
1992 
Pattern 
Hill 101 6 85 5 4.0 0.2 3.5 0.2 
Row 100 7 89 7 4.0 0.3 3.6 0.3 
Depth (cm) 
5 88 5 b **** 80 6 b**** 3.5 0.2 b **** 3.3 0.2 b 
15 112 7a 95 6 a 4.5 0.2 a 3.8 0.2 a 
Irrigation 
1 132 7 a** 119 7 a * 5.2 0.2 a** 4.7 0.2 a' 
2 105 8b 92 5b 4.3 0.2 b 3.9 0.2 b 
3 115 10b 102 10 b 4.4 0.4 b 4.0 0.4 b 
4 85 4c 74 7c 3.5 0.2 c 3.0 0.2 c 
5 63 8d 48 5d 2.7 0.3 d 2.2 0.2 d 
Across 
Treatments 100 5 87 4 4.0 
1993 
0.2 3.6 0.2 
Pattern 
Hill 60 5 48 4 2.7 0.2 2.3 0.1 
Row 65 5 52 4 3.0 0.2 2.4 0.1 
Depth (cm) 
5 64 5 48 4 2.9 0.2 2.3 0.1 
15 61 5 52 3 2.8 0.2 2.4 0.1 
Irrigation 
1 93 5 a** 73 3 a** 4.2 0.3 a* 3.3 0.2 a 
2 72 5b 50 3b 3.4 0.2 b 2.4 0.1 b 
3 65 6b 58 5b 2.6 0.2 c 2.4 0.2 b 
4 52 5 c 41 4c 2.6 0.2 c 2.2 0.2 b 
5 31 5d 29 5d 1.6 0.2 d 1.5 0.2 c 
Across 
Treatments 62 4 50 3 2.9 0.2 2.3 0.1 
**** Significant at 0.05, O.OI, 0.001,0.0001 probability levels, respectively, by a F test, 
t Means followed by different letters are significantly different at the P 2 0.05 level using Fisher's LSD test; 
no letters indicate NS. 
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Table 3. Leaf temperature and leaf - air temperature of Tohono maize and Hybrid in 1992 
and 1993. 
Leaf Temperature Leaf - Air Temperature 
=c °c 
Tohono Hybrid Tohono Hybrid 
Treatment Mean SEt Mean SE Mean SE Mean SE 
1992 
Pattern 
Hill 33.6 0.2 33.9 0.2 0.40 0.08 0.53 0.07 
Row 33.8 0.2 33.9 0.2 0.45 0.08 0.55 0.09 
Depth (cm) 
5 33.8 0.2 33.9 0.2 a* 0.50 0.07 a * 0.61 0.08 a' 
15 33.6 0.2 33.8 0.2 b 0.34 0.09 b 0.48 0.08 b 
Irrigation 
1 32.7 0.3 32.8 0.3 0.00 0.09 0.04 0.07 d 
2 33.5 0.3 33.6 0.3 0.31 0.10 0.47 0.07 c 
3 33.5 0.3 33.7 0.3 0.37 0.11 0.54 0.09 b -
4 34.0 0.3 34.0 0.3 0.61 0.10 0.68 0.12 b 
5 34.9 0.4 35.2 0.3 0.81 0.12 0.98 0.08 a 
Across 
Treatments 33.7 0.2 33.9 0.2 0.42 
1993 
0.06 0.54 0.06 
Pattern 
Hill 35.6 0.2 35.9 0.2 0.46 0.06 0.56 0.05 
Row 35.7 0.2 35.9 0.2 0.47 0.05 0.55 0.05 
Depth (cm) 
5 35.6 0.2 35.9 0.2 0.46 0.05 0.55 0.05 
15 35.7 0.2 35.9 0.2 0.47 0.06 0.57 0.05 
Irrigation 
1 34.6 0.4 d^ • 34.8 0.4 d* 0.16 0.07 c * 0.27 0.06 d 
2 35.4 0.2 c 35.6 0.2 c 0.25 0.05 c 0.38 0.03 c 
3 35.2 0.1 0 35.5 0.1 c 0.56 0.04 b 0.63 0.05 b 
4 36.3 0.2 b 36.4 0.3 b 0.56 0.03 b 0.68 0.04 b 
5 36.8 0.2 a 36.9 0.2 a 0.78 0.07 a 0.83 0.06 a 
Across 
Treatments 35.7 0.1 35.9 0.1 0.46 0.04 0.56 0.03 
*, ** Significant at 0.05, and O.OI probability levels, respectively, by a F test. 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test; 
no letters indicate NS. 
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Fig. 1. Cumulative potential evapotranspiration (PET) and cumulative irrigation 
applications, plus rain, in 1992 and 1993. Box around weeks of growing 
season indicate period of porometer data collection. 
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Fig. 2. Mean stomatal conductance and SE by week of growing season for 
Tohono maize (circles) and Hybrid (squares) in 1992 and 1993. 
Mean time of anthesis (A) and silking (S) are shown for Tohono 
maize (solid line) and Hybrid (dashed line) for each year. Arrows 
indicate irrigation event for Irrigation Regime number shown above 
arrow. Timing of irrigations was the same both years. 
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Fig. 3. Mean stomatal conductance and SE by irrigation regime and week of the growing season for Tohono maize 
(gray bars) and Hybrid (black bars) in 1992 and 1993. Boxes around Irrigation Treatments indicate irrigation 
water applied several days before data collected. 
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Fig. 4. Mean transpiration rate and SE by week of growing season for 
Tohono maize (circles) and Hybrid (squares) in 1992 and 1993. 
Arrows indicate irrigation event for Irrigation Regime number 
shown above arrow. Timing of irrigations was the same both years. 
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Fig. 5. Mean transpiration rate and SE by irrigation regime and weelc of growing season for Tohono maize (gray bars) 
and Hybrid (black bars) in 1992 and 1993. Boxes around Irrigation Treatments indicate irrigation water 
applied several days before data collected. 
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Fig. 6. Mean leaf temperature and SE by week of growing season for 
Tohono maize (circles) and Hybrid (squares) in 1992 and 
1993. Arrows indicate irrigation event for Irrigation Regime 
number shown above arrow. Timing of irrigations was the same 
both years. 
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Fig. 7. Mean leaf temperature and SE by irrigation regime and week of growing season for Tohono maize (gray 
bars) and Hybrid (black bars) in 1992 and 1993. Boxes around Irrigation Treatments indicate irrigation 
water applied several days before data collected. 
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Fig. 8. Mean leaf-air temperature and SE by week of growing season for 
Tohono maize (circles) and Hybrid (squares) in 1992 and 1993. 
Arrows indicate irrigation event for Irrigation Regime number 
shown above arrow. Timing of irrigations was the same both years. 
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Fig. 9. Mean leaf-air temperature and SE by irrigation regime and week of growing season for Tohono maize (gray 
bars) and Hybrid (black bars) in 1992 and 1993. Boxes around Irrigation Treatments indicate irrigation water 
applied several days before data collected. 
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GENERAL CONCLUSIONS 
This exploratory study tested the productivity of Tohono O'odham maize, a cultivar 
native to the Sonoran Desert, and investigated biological attributes contributing to its reputed 
drought resistance. The purpose of this research was to obtain a general understanding of the 
productivity, morphology, phenology, and stomatal responsiveness of Tohono O'odham maize 
in response to a range of water-deficit conditions. 
Grain yield is the integrated result of plant processes in response to the environment 
over the entire season. Tohono maize produces stable grain yields among irrigation regimes, 
confirming its reputed drought resistance. Tohono maize produces relatively high harvest 
indices and grain per unit leaf area; its dry matter partitioning emphasizes grain over vegetative 
production. Desert ephemeral plants allocate dry matter similarly {Jones et al., 1981). The dry 
matter productivity and partitioning patterns exhibited by Tohono maize are consistent with 
those associated with drought resistance (Fischer and Turner, 1978; Ludlow and Muchow, 
1990; Passioura, 1976; Sinclair et al., 1984). Tohono maize productivity and partitioning 
result from its morphological features, phenological trends, and stomatal responses. 
Tohono maize produces small plants with fewer and smaller leaves, tillers sub-equal to 
the main stalk, and tends to be prolific. The relatively small transpirational surface area, 
narrow leaves, and leaf-rolling behavior of Tohono maize probably confer water conservation 
advantages in this environment where water, not light, limits productivity. Energy budget 
models predict that small, narrow leaves are well-suited to arid, high insolation environments 
(Gates, 1980; Parkhurst and Loucks, 1972; Smith and Geller, 1980; Taylor, 1975). Tohono 
maize leaf morphological characteristics, coupled with its stomatal responses, may contribute to 
optimal use of available water for grain production. 
Although Tohono maize exhibits relatively high transpiration rates when averaged 
across the season, its small leaf area may limit the total water costs over the entire season. 
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Tohono maize stomatal responsiveness relative to its ontogeny also likely contributes to its 
drought resistance. Tohono maize exhibits lower stomatal conductance and transpiration rate 
during the vegetative phase, and greater conductance and transpiration rate during flowering 
and early grain-fill. Lower stomatal conductance and transpiration rates during vegetative 
development may limit plant size and conserve water for the sensitive reproductive stage. 
Increased stomatal conductance at flowering may enable the plant to exploit more fully the 
remaining water, and thus, to facilitate CO2 uptake for grain production, resulting in high 
harvest index. Thus, seasonal trends in Tohono maize stomatal responsiveness relative to its 
ontogeny accommodate the usual seasonal pattern in water availability. In the Tohono 
O'odham agroecosystem, water is available early in the season and ordinarily declines as the 
season progresses. Similar patterns in stomatal responsiveness and ontogeny are reported for 
drought-resistant maize (Lorens et al., 1987a), sorghum (Ackerson and Krieg, 1977; Blum, 
1974; Garrity et al., 1984), and pearl millet (Henson et al., 1983). 
Tohono maize phenology also allows it to accommodate the high variability in 
environmental conditions. Tohono maize emerges and develops rapidly, and displays 
phenological plasticity during the reproductive phase. Rapid development and photoperiod-
insensitivity enables Tohono maize to adjust flowering in response to the environmental 
conditions presented that season. Under warmer or drier conditions, Tohono maize flowering 
is accelerated, rather than delayed, thus avoiding the deleterious effects of prevalent late-season 
drought. Additionally, Tohono maize maintains a short anthesis-to-silking interval. Length of 
the anthesis-to-silking interval is negatively correlated with maize grain yield under water-
deficit conditions (Byrne et al., 1995; Guei and Wassom, 1992). Synchrony of pollen shed 
and silk emergence are further enhanced in Tohono maize by its production of later-flowering 
ears, subtending the apical ear, and tillers. Ear prolificacy and tillers extend the window of 
opportunity for effective pollination, contributing to yield stability (Barreles et al., 1984; 
Hallauer and Troyer, 1972; Schoper et al., 1986; Tollenaar et al., 1992). The earlier flowering 
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under the more stressful conditions and semi-indeterminate development of Tohono maize 
resemble the responses of drought-escaping desert annuals (Jones et al., 1981; Levitt, 1980). 
Tohono maize drought resistance is conferred, in part, by its rapid emergence and vegetative 
development, and its capacity to maintain a short anthesis-to-silking interval under stressful 
conditions. The phenological plasticity exhibited by Tohono maize in this study supports 
Nabhan's (1983) hypothesis that such plasticity is important in the drought resistance of 
Tohono maize. 
In summary, the drought resistance of Tohono O'odham maize is attributable to a 
combination of small plant size and efficient dry matter partitioning, phenological and 
reproductive plasticity, and stomatal responsiveness. The underlying mechanisms of these 
characteristics require further investigation. 
Since Tohono maize was adapted to its desert environment by a combination of directed 
biological evolution and agronomic management, its adaptations may be better interpreted in the 
contexts of its customary production system. Although it was not feasible in this study to 
simulate fully those conditions that ordinarily occur in Tohono O'odham fields, two production 
practice components that distinguish traditional agricultural systems in the Southwest were 
considered, the hill planting geometry and deep planting. The effects of these two elements on 
maize productivity were tested because these practices could most readily be incorporated into 
other agricultural systems. 
In this study, planting geometry and depth had few effects on Tohono maize, but they 
had greater impact on Hybrid productivity. Under the less severe conditions of 1992, row-
grown plants of both cultivars produced greater total dry matter than hill-grown plants. Both 
years, row-grown Hybrid plants produced more grain dry matter than those grown in the hill 
geometry. Planting depth did not affect Tohono maize grain or total dry matter yields. In 
contrast. Hybrid plants sown more deeply produced more grain and total dry matter than those 
plants sown less deeply in 1992, suggesting that deep planting may be advantageous some 
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years. Manolescu (1995) reports that under drought conditions, grain yields are greater when 
maize is planted deeply in Hopi fields. The Hopi, traditional agriculturalists in northeastern 
Arizona, indicate that deep planting reduces flood damage and animal predation of seed, and 
that the hill planting geometry protects plants from wind damage. Like the Tohono O'odham, 
Hopi and other traditional agriculturalists in the Southwest select field sites that provide soil 
conditions that can capture storm-runoff water and optimize water availability to support crop 
productivity. Although the experimental site at Los Lunas, NM facilitated the establishment of 
water-deficit conditions, it was not analogous to native field settings. Production practice 
effects should be re-evaluated in a setting similar to that of native fields. 
Tohono maize and associated production practices evolved in a subsistence system in a 
precarious environment. The Tohono O'odham agroecosystem has provided viable levels of 
production for centuries within the constraints imposed by the arid environment. For long-
term sustainability, the Tohono O'odham and other traditional agriculturalists emphasize yield 
optimization, rather than maximization (Flannery and Marcus, 1976; Hackenberg, 1983; 
Toledo, 1988). The stable yields exhibited by Tohono maize are consistent with a cultural 
preference for reliable yield levels with minimum risks, a preference shared with subsistence 
farmers in many developing nations (Brush, 1995; Pandey et a!., 1991). Thus, the yield 
stability and drought-resistance attributes of Tohono maize may have utility in breeding 
programs for arid or drought-prone areas, particularly for those agricultural systems where few 
resources for crop production can be controlled. 
Optimization of the cropping environment facilitates yield stability over many years 
with minimal inputs or disruptions of the natural ecosystem. Many indigenous systems operate 
in conjunction with the natural processes of the ecosystem and function within the carrying 
capacity of the environment. Such systems may protect land and resources while providing for 
an adequate food supply over many years. The Tohono O'odham production system should be 
investigated further to identify components important in the long-term viability of such 
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rainwater-harvesting systems. Expanded understanding of the Tohono O'odham and other 
agricultural systems that have persisted for centuries in environments considered marginal for 
agricultural productivity can provide valuable resources with which to confront and adjust 
successfully to increasing demands for water, and to maintain and improve sustainable maize 
production in dry regions (Cleveland et al., 1994; NRC, 1992; OTA, 1983). 
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SOIL ASSOCIATIONS OF AGRICULTURAL AREAS OF THE 
TOHONO O'ODHAM NATION 
(From Hendricks, 1985) 
Torrifluvents 
Torrifluvents typically have pale brown sandy loam or loamy sand surface layers overlying stratified 
sandy loam, loamy sand, and thin silty or gravelly layers to ! 50 cm or more. These soils have moderate to low 
available water capacity and moderately rapid to rapid permeability. They are on floodplains and lower alluvial 
fans with slopes of 0 to 3 percent. Runoff is slow and the hazard of water erosion is generally slight except for 
piping and bank cutting along entrenched streambeds. They are moderately susceptible to wind erosion. These 
soils are subject to very brief seasonal flooding, (p. 207) 
Tremant-Coolidge-Mohall Association 
Tremant Typic HapJargids; fine-loamy, mixed, hyperthermic (Red Desert). Tremanl soils are deep 
and well drained. They typically have thin, brown, gravelly loam or sandy loam surface layers and reddish 
brown gravelly clay loam or gravelly sandy loam subsoils. The substratum from about 58 to 150 cm is pink 
gravelly loam high in lime. Tremanl soils occur on nearly level to undulating fan terraces with slopes of 0 to 5 
percent. These soils have a moderate available water capacity and moderately slow permeability. They are 
moderately alkaline and calcareous throughout and have zones of high lime in the lower subsoil and substratum. 
Runoff is medium and the hazard of erosion is generally slight, (p. 208) 
Coolidge. Typic Calciorthids; coarse-loamy, mixed, thermic (Calcisols). Coolidge soils are deep 
and well drained. They typically have a light yellowish brown gravelly, sandy loam surface layer 33 cm thick 
underlain by yellowish brown sandy loam about 28 cm thick. The substratum to more than 150 cm is pale 
brown sandy loam containing many soft and hard lime masses. Coolidge soils occur on nearly level to gently 
undulating fan terraces with slopes from 0 to 5 percent. These soils have moderate available water capacity and 
moderately rapid permeability. They are moderately alkaline and calcareous throughout. Runoff is slow or 
medium and the hazard of erosion is slight to moderate, (p. 174) 
Mohall. Typic Haplargids; fine-loamy, mixed, hyperthermic (Red Desert). Mohall soils are deep 
and well drained. Typically, they have reddish yellow or light brown sandy loam, loam or clay loam surface 
layers about 25 cm thick and reddish brown or brown clay loam subsoils about 75 cm thick over brown loam or 
sandy loam to more than 150 cm. Mohall soils occur on nearly level to gently undulating fan terraces with 
slopes of 0 to 5 percent. These soils have high available water capacity and moderately slow permeability. 
They are moderately alkaline throughout and have zones of high lime accumulation below 50 or 60 cm. Runoff 
is slow and the hazard of erosion is slight, (p. 193) 
Some properties of the Mohall soils 
Horizon Depth O.M. Sand Silt Clay CEC CaCOs pH BD 
cm % % % % meq/lOOg % s/cm^ 
A 0-13 .73 60 24 16 12 T 7.6 1.61 
Bl 13-46 .24 50 23 27 18 T 8.2 1.64 
Btk 46-109 .09 36 34 30 20 13 8.9 1.57 
BCtk 109-180 32 44 24 17 16 9.4 1.67 
164 
APPENDIX B: 
MATERIALS AND METHODS SUPPLEMENT 
165 
EXPERIMENT SITE 
Location. New Mexico State Univ. Agric. Sci. Center at Los Lunas, NM is located at latitude 
34°46'N and longitude 106°45'W, approximately 40 km South of Albuquerque. The elevation is 1471 m. 
Site Selection. The experiment was conducted at Los Lunas, NM for several reasons. Tohono 
O'odham maize was studied by Castetter and Bell (1942) nearby, about 30 km North of Los Lunas. The 
experiment station at Los Lunas provides an arid environment with a seasonal precipitation pattern similar to 
that of the native environment of Tohono O'odham maize. Growing season temperatures at Los Lunas average 
about 3 to 6°C cooler than those of the Sonoran Desert, so that the stress imposed experimentally emphasized 
water-deficit stress. The specific field site was selected for its soil type; its rapid permeability minimized 
subsurface lateral water flow, enabling water applications to be better controlled. 
Soils. The experiment site is mapped as a Bluepoint loamy fine sand soil, with a 1 to 3 percent 
slope (Pease, 1975). Soils in the Bluepoint series occur in valley fill areas along the margins of the irrigated 
Rio Grande valley, and were formed in sandy alluvium. Bluepoint soils are somewhat excessively drained soils, 
with rapid permeability, slow runoff, and available water capacity of 10 to 14 cm. The effective rooting depth is 
more than 150 cm. 
Based on the representative soil profile, the surface soil layer, about 13 cm thick, is light-brown fine 
sand, with light sandy loam in some areas. The underlying layers are light-brown loamy sand and loamy fine 
sand to depths of more than 150 cm. Erosion hazard is moderately severe in irrigated areas; when dry or moist, 
surface-layer particles are loose, nonsticky and nonplastic. 
This Bluepoint soil is used primarily for native pasture and wildlife habitat. Native vegetation consists 
of mid to tall grasses and shrubs, including sacaton (Sporobolus airoides), saltgrass (Distichlis spicata), dropseed 
{Sporobolus flexuosus), and fourwing saltbush or chamisa {Atriplex canescens). This soil is also used for 
irrigated alfalfa {Medicago sativa) and orchards. On Bluepoint soils, with moderately high management, 
estimated yield average for alfalfa is 13 Mg ha'^ yield estimates for other crops are not available. 
Soil Analyses. Each Spring, before field preparation, soil samples were collected to a depth of 20 
cm and analyzed by the NMSU Soil, Water, and Air Testing Laboratory (Table 1). Analyses procedures and 
interpretations are shown at the end of this appendix. Fertilizer recommendations were made by NMSU Agric. 
Ext. based on soil analyses results. 
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Table 1. Results of Spring soil analyses. L and M indicate low and moderate levels, respectively. 
Year pH 
Salts 
Elect. 
Cond. 
mmhos/cm 
Sodium 
% 
Exch. 
Organic 
Matter 
% 
Nitrate 
[N] 
ppm 
Phosphorous 
[P] 
ppm 
Potassium 
IKl 
ppm 
1992 7.78 0.3 IL 0.2L 0.59L 4.5L 7.7L 15.6L 
1993 7.56 0.54 O.IL 0.24L 5.0L 11.6M 18.0L 
Across 
Years 7.67 0.43 0.15L 0.42L 4.8L 9.7M 16.8L 
At the end of the growing season, three random soil samples were collected, to a depth of 20 cm, from 
each irrigation treatment within each replication; each set of three samples was bulked, thoroughly mixed, and 
subsampled to obtain one representative sample for each irrigation regime within each replication, for a total of 
15 soil samples. These were sent to the NMSU Soil, Water, and Air Testing Laboratory in Las Cruces, NM to 
determine end-of-season fertility levels. End-of-season levels of N in each irrigation treatment were rated as low, 
except Irrigation 5 in 1992, which was rated as moderate. In each irrigation regime, P levels were at moderate 
levels, and K levels were low. Analyses of variance results indicated that, averaged across irrigation treatments 
and replications, only P differed significantly {P < 0.01) between years, with 1993 levels greater than 1992 
levels of P. Nitiogen levels did not differ between replications within year (Table 2). In 1992, there were no 
significant differences in N among irrigation regimes, but in 1993, Irrigation 4 had significantly more N than 
the other irrigation treatments at the end of the season. In 1992, neither replications nor irrigation treatments 
differed in P. In 1993, however, P levels differed among replications and among irrigation regimes. Potassium 
levels did not differ among replications within years. Irrigation treatments did not differ in K in 1992, but 
differed significantly in 1993. 
Fertilizer Applications. Granular fertilizers were applied and pre-plant incorporated each Spring 
before the field was ridged in preparation for planting. In 1992 and 1993, N, P, and K were applied at rates of 
90, 56, and 28 kg ha'^ respectively. These rates were sufficient to bring soil fertility to moderate levels and 
prevent fertilizer burn to the less-frequently irrigated plants. It should be noted that N rates recommended for 
fully irrigated maize are usually 180 kg ha"^ with half applied at planting and the remainder when plants are 
about 50 cm tall; P and K are applied at planting, at rates of about 60 and 30 kg ha"^ respectively. 
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Table 2. End-of-season soil fertility levels in 1992 and 1993. 
Nitrate [N1 ppm 
1992 1993 
Sig. of Sig. of 
Treatments Mean SE F-Value Mean SEt F-Value 
Rep A 9.14 3.03 NS 6.80 l.OI NS 
B 6.38 0.62 5.92 0.57 
C 8.98 1.93 6.16 0.72 
Irr 1 6.10 0.12 NS 5.20 0.45 b < 0.01 
2 9.63 3.55 6.10 0.17 b 
3 5.57 0.76 6.07 0.52 b 
4 7.17 0.38 9.07 0.82 a 
5 12.37 4.37 5.03 0.34 b 
Across Treatments 8.17 1.18 6.29 0.43 
PhosDhorous fPl ppm 
1992 1993 
Sig. of Sig. of 
Treatments Mean SE F-Value Mean SEt F-Value 
Rep A 7.48 0.57 NS 7.91 0.41 b <0.01 
B 7.58 0.44 8.36 0.54 b 
C 8.30 0.49 9.78 0.73 a 
Irr 1 8.43 0.43 NS 8.03 0.47bc <0.01 
2 8.30 0.46 7.88 0.38 c 
3 8.20 0.75 7.77 0.29 c 
4 7.40 0.76 10.33 0.69 a 
5 6.60 0.42 9.40 1.19a 
Across Treatments 7.79 0.29 8.68 0.37 
Potassium fKl ppm 
1992 1993 
Sig. of Sig. of 
Treatments Mean SE F-Value Mean SEt F-Value 
Rep A 19.20 1.74 NS 19.20 1.72 NS 
B 20.60 2.82 19.40 1.72 
C 21.60 2.54 20.20 2.35 
Irr 1 18.67 2.91 NS 15.67 0.33 b <0.001 
2 16.67 2.40 16.33 0.88 b 
3 16.67 1.76 18.00 l.I6b 
4 25.00 2.08 24.33 0.67 a 
5 25.33 0.88 23.67 1.45 a 
Across Treatments 20.47 1.32 19.60 1.05 
t Means within treatment category followed by different small letters are significantly different at the 
P<0.05 level using Fisher's LSD test. 
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Cropping History. The recent cropping history of the field includes a variety of crops. Alfalfa 
was produced in 1988 through 1989. Chile (Capsicum annuum) was grown in summer, 1990, followed by rye 
(Secale cereale) as a winter cover crop. In summer 1991, the western quarter was planted to wheat (Triticum 
aestivum); maize was grown in the southern half of the remainder of the field, and the northern part was fallow. 
Winter cover crops of wheat preceded the 1992 and 1993 maize experiments. During the entire period, the 
experimental area was well-separated irom adjacent alfalfa fields by native vegetation and dirt access strips. 
Irrigation Water. Irrigation water was derived from the Rio Grande via a series of canals and 
pipes. The outlet pipe for the experimental area was located at the South end of the field. A flowmeter (Great 
Plains Inc., Aurora, NE) was attached at the outlet, between the outlet pipe and the gated PVC pipe. Water was 
directed into specific furrows between the planted ridges by opening or closing gates in the PVC pipe. The flow 
rate and amount of water applied varied among irrigations with the water level in the supply canal, number of 
concurrent users, and number of open gales in the PVC pipe. At each irrigation, water was allowed to flow into 
the selected furrows until the flow reached the North end of the field and water had soaked to the center of each of 
the irrigated ridges; irrigation was usually accomplished in four to six hours. 
Field Preparation. In addition to pre-plant cultivation to remove weeds and incorporation of 
fertilizers, the field was prepared for planting by forming ridges, oriented North to South, for the length of the 
field. Ridge tops were flat, about 0.45 m wide, and 0.12 cm higher than the base of adjacent furrows (Fig. 1). 
Ridge centers were spaced I m apart. 
-0.45 m-I 1 m [ 
Ridge Ridge Ridge 
0.12 m 
Furrow Furrow 
Fig. 1. Schematic of ridge and furrow layout. Maize was planted along the center of ridges 
and irrigation water flowed in the furrows between ridges. 
Planting. Maize was planted along the center of ridges with hand-held planters. Those kernels 
planted at the 5 cm depth were planted using a hand-held planter with a stop at 5 cm depth to obtain uniform 
planting depth. Those kernels planted at 15 cm depth were planted using a hand-held planting stick (Fig. 2). 
Design of the deep-planter was modeled after the planting sticks traditionally utilized by Native Americans in the 
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Southwest. The deep-planters used in the study were made by Joe Anderson by tapering a standard replacement 
broom handle to a near-point. An 8-inch bolt was inserted IS cm torn the point to provide a stop to obtain a 
uniform planting depth. Light-weight plastic tubing, commonly used in golf bags to separate clubs, was 
attached to the length of the broom handle with clamps to make a chute through which seed could be delivered 
into the planting hole created by inserting the planting stick into the soil. 
Each plot was marked with stakes labeled with plot number and treatment combination. For planting, 
pre-marked strings for each specific irrigation regime within a replication were set on the top edge of the 
corresponding ridges. Each of these strings had been marked to guide the planter in the proper spacing of the 
plants or hills, and coded to indicate planting depth and cultivar. This system facilitated rapid layout of the field 
and planting. 
Fig. 2. Schematic of planter used to plant seed at 15-cm depth. Refer to text for explanation 
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Pests. No pesticides were applied. The field was watered two or three weeks before planting to 
obtain germination of weeds. These weeds were removed by mechanical pre-plant cultivation. Subsequently, 
weeds were controlled by hand-hoeing. The most prevalent weed was Aniaranthus spp. 
Southern com root worm beetles {Diabrotica undedmpmctata howardi) and larvae of an unidentified 
species were observed both years. However, these insects did no detectable damage to the maize. Interestingly, 
when amaranthus was present in or adjacent to the field, the root worm beetles seemed to prefer it to maize. 
Wasps (Hymenoptera) controlled the unidentified larvae. When adjacent alfalfa fields were cut, grasshoppers 
{Melanoplus sp.) temporarily fed on the maize, doing minimal damage. In 1993, ear worm {Heliothis zed) did 
significant damage to the maize; other maize fields at the Sci. Center and in the region were similarly impacted 
by ear worm infestations despite applications of insecticides. 
During a preliminary study, conducted at Los Lunas in 1991, jackrabbits {Lepus sp.) grazed on maize 
seedlings. To discourage grazing in the following years, bloodmeal was spread around the perimeter of the entire 
field one week after planting and again two weeks later. Although rabbits continued to be observed in the field, 
no damage was evident. 
In 1993, birds severely damaged seedlings in the border rows throughout the field. Curiously, these 
large birds, probably pheasants, selectively plucked out young seedlings in the border rows and ate what 
remained of the kernels, leaving the experimental plots nearly unharmed. The only apparent difference between 
the maize in the plots and borders was that the seed used for the borders had been treated with a fungicide (N-
Trichloro;nethyIthio-5-cyc}ohexene-l,2-dicarboximide) before planting, and the Tohono maize and A619 x A632 
seed were untreated. In 1992, all maize seed, including the border seed, was untreated, and the seedlings were 
undamaged by birds. The damaged border areas were replanted widi untreated seed; the birds did not return. 
As the grain approached maturity in the 1993 growing season, animals evidently opened husks and 
removed grains, as well as removing entire ears. Although squirrels {Spermophilus variegatus) were the only 
predators observed taking grain, skunks, mice, and other rodents likely contributed to the yield loss attributable 
to animal predation. Animal predation was minor in 1992. 
PLANT MATERIALS 
Tohono Maize. Tohono O'odham 60-day maize seed (Tohono maize) was provided by Native 
Seeds/SEARCH, Tucson, AZ, in 1990 from accessions ZOl-007 and ZOI-Oll, both collected on the Tohono 
O'odham Reservation. Accession Z01-007 was collected near Topawa in 1981 and ZOl-Oll near Ak-Chin in 
1984. Seed was produced by allowing equal numbers of plants from each of the two Native Seeds accessions to 
intermate in the 1991 seed increase; to obtain sufficient seed to conduct replicated experiments, Tohono maize 
seed v/as increased at Los Lunas, NM in I99I and 1992. 
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Weather data for 1991 were collected as described in Chapter 1. Average daily air temperature at NMSU 
Agric. Sci. Center at Los Lunas, NM was 23.05®C from 10 June through 29 September 1991. Cumulative 
grov/ing degrees days for the period was 2394. Total potential evapotranspiration during this period was 683 
mm and rain totaled 149 mm. Weather conditions during the 1992 seed increase are detailed in Chapter 1. 
The 1991 seed increase was in the same field area subsequently used for the replicated study. Fertilizer 
and water were supplied; however, these applications were not quantified. Approximately 200 Tohono maize 
seeds were planted 12 June at 5 cm depth in rows, with plants spaced 0.25 m apart within the row and 1 m 
between rows. The population density was 40,000 plants ha"^ These plants were allowed to open pollinate; 
50% flowering occurred on 5 August. 54 days after planting. Other maize cuUivars were grown in the same 
field and in border areas. These other culiivars were planted 8 d after Tohono maize and detasseled or tassel-
bagged to prevent contamination of the seed increase area; 50% silking of these cultivars occurred between 16 
and 19 August, AIJ plants grown in the seed-increase and adjacent areas of the field were somewhat stunted 
relative to the remainder of the field; there was no apparent reason for this stunting. Tohono maize ears were 
harvested 27 September and shipped by 2-d delivery to the Iowa Stale Univ. Agric. Expt. Stn., Ames, lA, where 
ihcy were dried at 38®C for 6 d. Ears were then shelled, and the seed stored in a humidity and temperature 
controlled room. The 200 plants produced 144 primary ears, 52 secondary ears, 8 tertiary ears, and 5 tiller ears, 
for a total of 209 ears and over 23,000 kernels. Primary ears produced between 1 and 312 kernels per ear, with 
an average of 144 (SE±7) kernels ear"'. Most ears exhibited some ear worm damage. Although grain dry 
matter yield was not recorded, grain yield was estimated to be 1709 kg ha-1, using the mean of the 1992 and 
1993 lOO-kernel dry weights to estimate grain yield. 
In 1992, Tohono maize seed was again increased, utilizing seed produced in the 1991 grow-out. Plants 
were allowed to open-pollinate in an isolated field, bordered on each side by windbreaks of trees, except on the 
North; fallow fields and fields of native grasses were located North of the seed increase area and on the opposite 
sides of the windbreaks. 
The soil of the 1992 seed-increase field is mapped as a Gila loam [coarse-loamy, mixed (calcareous), 
thermic, Typic Torrilluvents], with a 0 to 1 percent slope (Pease, 1975) These well-drained soils fonried in 
recent alluvium on the Rio Grande floodplain. Permeability is moderate, runoff is slow to very slow, and the 
erosion hazard is slight. The available water capacity is 20 to 25 cm. and the effective rooting depth is more 
than 150 cm. The soil profile shows stratified soil: The 25-cm thick surface layer consists of a brown loam; 
the next underlying layer is a stratified light brown, fine sandy loam, very fine sandy loam, and loam, about 60 
cm thick, and underlain by a stratified very pale brown, pink, and Hght-brown loamy fine sand, fine sandy loam, 
and sill loam to a depth of 150 cm or more. Gila soil is used primarily for irrigated alfalfa, small grains, row 
crops, permanent pastures, and orchards. On average. Gila loam soils can yield an estimated 18 Mg ha"' alfalfa, 
or 9500 kg ha"' sorghum grain, with moderately high management. 
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The 1992 seed increase field was pre-plant fertilized, as recommended, with a starter fertilizer containing 
57, 50, and 0 kg ha"' of N, P, and K, respectively. Approximately 600 kernels of Tohono maize were planted 
on 10 June at 5 cm depth in rows, with plants spaced 0.25 cm within the row and 1 m between rows, for a 
population density of 40,000 plants ha"^ Border areas were also planted with Tohono maize. On 9 July, an 
additional 68 kg ha"' N was applied to the field, for a total application of 125 kg ha"' N, 50 kg ha"^ P, and no 
K. On average, the field was irrigated every 10 d (range 8 to 12 d), via a gravity-fiow furrow system; water 
applications were unmetered. Bloodmeal was applied on the perimeter of the field to reduce rabbit grazing; no 
pesticides were used to control pests. Weeds were controlled by hand-hoeing. Ears were harvested 29 
September, excluding the exterior 4 m of plants. Harvested ears were shipped to Ames, lA and dried as 
previously described for the 1991 seed increase. The dried grain yield of the 1992 seed increase was 3007 kg 
ha"*. 
Hybrid. Hybrid maize. A619 x A632, seed was obtained from the maize breeding projects at Univ. 
of Minnesota, Agronomy and Plant Genetics Dep., and at Iowa State Univ., Agronomy Dep. Neither project 
had sufficient seed for the study. Thus, seed was obtained from both projects and bulked for the 1992 
experiment. Hybrid seed was produced from its component inbreds for the 1993 field season by Dr. L.M. 
Pollak, USDA-ARS and Iowa State Univ., in her winter nursery in Puerto Rico; seed of the inbreds, A6I9 and 
A632, was provided by Dr. A.R. Hallaeur, Agronomy Dep., Iowa State Univ. 
In its zone of adaptation, A619 x A632 requires 100 to 110 d from planting to maturity. Although 
this hybrid had not been tested for photo-sensitivity, it was believed to be insensitive (Bob Peterson, 1991, 
personal communication). This hybrid, as well as another short-season cultivar, A619 x B73, were grown in 
the 1991 preliminary study at Los Lunas to determine number of days to flowering relative to Tohono maize. 
These hybrids were planted on 20 June in the same manner as the 1991 Tohono maize seed increase. A619 x 
A632 reached 50% flowering on 16 August, 57 d after planting; A6I9 x B73 reached 50% flowering on 19 
August, 60 d after planting. Because the number of days from planting to flowering in A619 x A632 more 
closely resembled the number of days to flowering in Tohono maize (54 d), this hybrid was selected to provide 
the frame of reference in the replicated study. Both of these short-season hybrids were commonly grown during 
the early 1980s in the northern U.S. Corn Belt. 
The A632 parent of hybrid A6I9 x A632 is derived from the B14 family (A.R. Hallauer, 1995, 
personal communication). Many of the hybrid varieties commonly grown in the drier regions of the western 
Corn Belt also are derived from the B14 family, suggesting that A619 x A632 may possess some drought 
resistance. A619 x A632, however, has not been tested specifically for drought resistance. 
FIELD LAYOUT AND EXPERIMENTAL DESIGN 
Experiment was analyzed as a nested design, with replications (Rep) nested in irrigation treatments (Irr). Irrigation treatments are blocks, or 
main plots. The eight cultivar x geometry x depth treatment combinations are completely randomized split-plots within replications. Irrigation water 
entered the field at the Rep A end and flowed down the field to the distal end of Rep C. Two to three border rows of maize separated each irrigation 
treatment, and the entire field was surrounded by a 6-m, or wider, border of maize. Hill plots contained a total of 30 hills (o), with 4 plants hill*^ Row 
plots contained 48 plants (x). Only Interior plants of plots were utilized for data collection (gray box). 
Irr Re P A Rep B Rep C 
I 
1 3 5 6 2 4 8 7 
2 
3 8 1 4 2 5 6 7 
3 
6 4 7 3 8 1 5 2 
4 
1 2 8 5 3 7 4 6 
5 
4 7 3 8 6 5 2 1 
Hill Row 
Plot Plot 
o 0 o 0 o X X X X X X X X 
0 0 o 0 0 X X X X X X X X 
o o o 0 o X X X X X X X X 
0 o o 0 0 X X X X X X X X 
o 0 o o 0 X X X X X X X X 
0 0 o 0 0 X X X X X X X X 
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General Linear Models 
Model 1 Model 2 
Sorted by Year 
Source df Source df 
Model Model 
Replication 2 Replication 2 
Irrigation 4 Irrigation 4 
Replication x Irrigation 8 Replication x Irrigation 8 
Year I Cultivar 1 
Year x Irrigation 4 Pattern I 
Year x Replication x Irrigation 10 Cultivar x Pattern 1 
CuUivar 1 Depth 1 
Pattern 1 Cultivar x Depth 1 
Cultivar X Pattern 1 Pattern x Depth I 
Depth 1 Cultivar x Pattern x Depth 1 
Cultivar x Depth 1 Irrigation x Cultivar 4 
Pattern x Depth 1 Irrigation x Pattern 4 
Cultivar x Pattern x Depth 1 Irrigation x Pattern x Depth 4 
Irrigation x Cultivar 4 Irrigation x Depth 4 
Irrigation x Pattern 4 Irrigation x Cultivar x Depth 4 
Irrigation x Cultivar x Pattern 4 Irrigation x Cultivar x Pattern x Depth 4 
Irrigation x Depth 4 
Irrigation x Cultivar x Depth 4 Error 70 
Irrigation x Pattern x Depth 4 Corrected Total 119 
Irrigation x Cultivar x Pattern x Depth 4 
Error 175 Nested Factor 
Corrected Total 239 Ho: Irrigation 4 
Error: Replication x Irrigation 
Nested Factors 
Ho: Irrigation 4 
Error: Replication x Irrigation 
Ho: Year 1 
Ho: Year x Irrigation 4 
Error: Year x Replication x Irrigation 
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Models Model 4 
Sorted by CulHvar Sorted by Year and Cultivar 
Source df Source df 
Model Model 
Replication 2 Replication 2 
Irrigation 4 Irrigation 4 
Replication x Irrigation 8 Replication x Irrigation 8 
Year 1 Pattern 1 
Irrigation x Year 4 Depth 1 
Irrigation x Replication x Year 10 Pattern x Depth I 
Pattern 1 Irrigation x Pattern 4 
Depth 1 Irrigation x Depth 4 
Pattern x Depth 1 Irrigation x Pattern x Depth 4 
Irrigation x Pattern 4 
Irrigation x Depth 4 Error 30 
Irrigation x Pattern x Depth 4 Corrected Total 59 
Error 75 
Corrected Total 119 Nested Factor 
Ho: Irrigation 4 
Error: Replication x Irrigation 
Nested Factors 
Ho: Irrigation 4 
Error: Replication x Irrigation 
Ho: Year 1 
Ho; Irrigation X Year 4 
Error: Irrigation x Replication x Year 
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NEW MEXICO STATE UNIVERSITY 
Soil, Water and Air Testing Laboratory 
Agronomy and Horticulture, Dept. 3Q 
BOX 30003 
Las Cruces, New Mexico 88003-0003 
(505) 646-4422 
A N A L Y S I S  
Procedure Reference 
Standard Soil Test 
a. O.M. Walkley-Black 1 
b. PH Saturated Paste 2 
c. Salts Solution Conductivity 2 
d. Phosphorus Olsen 4 
e. ESP SAR Estimation 2 
f. Texture By Feel 7 
g .  K ICP, 1:5 H2O Extract 8 
h. NO3 Cd Reduction Column 3 & 
Fertility Tests 
a. Phosphorus Molybdo-blue, 1:5 H2O Extract 3 
b. Phosphoirus Olsen 4 
c- Nitrate Cd Reduction, 1:5 H2O Extract 3 
d. Potassium X:5 NH4OAC Extract 4 
e. Nitrogen Kjeldahl 1 
f. Fe, 2n, Cu, & Mn DTPA Extract 4 
(and other metals upon request - ask for price 
g - O.M. Walkley-Black 1 
h. Boron Hot Water Soluble 1 
3. Soil Characterization Tests 
a. pH 
b. E.Cw of saturated 
extract 
c. %H20 at saturation 
d CaC03 (equivalent) 
e. Gypsum 
f. Mechanical Analysis 
g. Mechanical Analysis 
h. Hydraulic Cond. 
i. Hydraulic Cond. 
j. Extractable: 
Na, K, ca, Mg 
k. Exchangeable: 
Na, K, Ca, Mg 
1. Cation Exch. Cap. 
m. Extractable H+ 
n, Extractable NH4 
Choice of Procedure 
Solution Conductivity 
Drying at 105° c 
Rapid Titration 
Acetone Precip 
Hydrometer 
Pipet 
Undisturbed Sample Core 
Disturbed Sample 
NH4OAC at pH 7 or 9 
NH4OAC minus soluble 
Na saturated then NH4OAC ext. 
BaClj - TEA Extraction 
2N KCL (colorimetric) 
5 
2 
2 
1 
5 
5 
5 
2 
2 
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Test:_s Procedure Reference 
4. Soliible ions from saturated paste extract 
d. 
f. 
g .  
Saturated Paste Coarse to medium texture 2 
Saturated Paste Fine Textxire 2 
Ca, Mg, Na, K Atomic Absorption Spect. 2 
Chloride Potentiometric titration 3 
CO3 + HCO3 H2SO4 titration, pH electrode 2 
SO4 Turbidimetric 3 
Ammonium Colorimetric 3 
Boron Hot Water Extraction - ICP 1 
Metals Inductively Coupled Plasma 3 
5. Miscellaneous 
a. Grinding soil 
b Extractable As NaHCOs extract (toxic level indicated) 6 
c. Extractable Se Hot H2O reflux (toxic Level indicated) 1 
d. Perchloric digest 
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Interpretation of Nutrient Levels 
(NMSU Soil, Water, and Air Testing Laboratory) 
Nutrient Level (ppm) Rating 
NO3-N <10 Low 
10-30 Moderate 
> 30 High 
Phosphorous < 6 Low 
6-15 Moderate 
15-25 High 
>^5 Very High 
Potassium < 30 Low 
30 -60 Moderate 
> 60 High 
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APPENDIX C: 
CHAPTER 1 SUPPLEMENT 
Analyses of Variance 
for Dry Matter Productivity and Partitioning Parameters 
Analysis of 
Variance 
Grain Total 
Yield Dry 
Matter 
Harvest Stalk Leaf Ears Kernel- Kernels Grain 
Index Dry Dry per Rows per per per Unit 
Matter Matter Plant Ear Row Leaf Area 
Significance of F-va!uet 
Model 2: 
HQ: Tohono Maize 
= Hybrid 
1992 
1993 
Model 3; 
Hq: 1992= 1993 
<0.0001 
<0.01 
< 0.0001 
<0.0001 
Hybrid 
NS 
£0.001 
Tohono Maize <0.0001 <0.0001 <0.0001 
<0.0001 <0.0001 <0.0001 
< 0.0001 
<0.0001 
< 0.0001 
< 0.0001 
<0.0001 
NS 
£0.0001 <0.05 
< 0.0001 
<0.001 
< 0.0001 < 0.0001 < 0.0001 
<0.001 
< 0.0001 
NS 
<0.0001 
<0.0001 
< 0.0001 
<0.01 
<0.0001 
<0.0001 
t Reject Ho if P ^ 0.05 . 
Table la: Total grain and total dry matter yields of Tohono maize in 1992 and 1993. Years were 
significantly different (P < 0.05). Data include contributions to dry matter by tillers. 
Total Grain Yield Total Dry Matter Yield 
Me ha'^ Me ha'^ 
1992 1993 1992 1993 
Treatincnt§ Mean ± SEt Mean ± SE Mean ± SB Mean ± SE 
Pattern 
Hill 1.83 0.13 NS 0.50 0.08 NS 3.60 0.18 b*** 1.48 0.15 NS 
Row 2,45 0.21 0.52 0.09 4.91 0.33 a 1.73 0.14 
Depth (cm) 
5 2.03 0.16 NS 0.51 0.08 NS 4.01 0.26 NS 1.69 0.14 NS 
15 2.25 0.20 0.51 0.09 4.50 0.32 1.52 0.14 
Irrigation 
1 2.03 0.23 NS 0.67 0.13 NS 4.46 0.39 NS 1.91 0.23 NS 
2 2.23 0.27 0.53 0.18 4.39 0.41 1.63 0.27 
3 2.47 0.40 0.36 0.11 4.90 0.67 1.58 0.20 
4 1.90 0.29 0.64 0.13 3.62 0.40 1.76 0.20 
5 2.05 0.23 0.34 0.08 3.91 0.34 1.13 0.17 
Pattern x Depth 
Hill, 5 cm 1.92 0.19 NS 0.50 0.11 NS 3.65 0.24 NS 1.46 0.22 NS 
Hills, 15 cm 1.73 0.18 0.50 0.13 3.56 0.28 1.49 0.20 
Row, 5 cm 2.J3 0.26 0.53 0.11 4.37 0.45 1.91 0.16 
Row, 15 cm 2.76 0.30 0.51 0.13 5.45 0.46 1.54 0.22 
Across Treatments 2.14 0.13 0.51 0.16 4.26 0.21 1.60 0.10 
*, **, *** Significant at 0.05,0.01, and 0.001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P ^  0.05 level using Fisher's LSD test. 
§ Interactions between treatments not shown were not significant at the P < 0.05 level. 
Table lb. Total grain and total dry matter yields of Hybrid in 1992 and 1993. Years were significantly 
different {P < 0.05). Data contributions to dry matter by tillers. 
Total Grain Yield Total Dry Matter Yield 
Mg ha'^ Mg ha' 1 
1992 1993 1992 1993 
Treatments Mean ±SEt Mean ± SE Mean ± SH Mean ± SE 
Pattern 
Hill 2.60 0.23 b** 0.66 0.14 b* 5.31 0.35 b **• 2.85 0.26 b* 
Row 3.35 0.28 a 0.96 0.19 a 7.00 0.52 a 3.52 0.30 a 
Depth (cm) 
0.28 5 2.58 0.24 b** 0.77 0.17 NS 5.55 0.41 b * 3.21 NS 
15 3.37 0.27 a 0.85 0.17 6.75 0.50 a 3.16 0.29 
Irrigation 
1 3.25 0.43 NS 0.69 0.13 b** 6.62 0.68 NS 3.13 0.24 b* 
2 2.50 0.46 0.48 0.19 b 5.34 0.72 2.49 0.31 be 
3 3.4! 0.45 0.54 0.22 b 7.34 0.94 3.27 0.40 b 
4 3.47 0.38 1.99 0.29 a 6.48 0.62 4.77 0.51 a 
5 2.25 0.28 0.34 0.18 b 4.97 0.53 2.26 0.40 c 
Pattern x Depth 
Hill, 5 cm 2.54 0.38 a * 0.63 0.16 NS 5.46 0.61 a •• 2.86 0.32 NS 
Hills, 15 cm 2.66 0.26 a 0.68 0.24 5.15 0.36 a 2.84 0.42 
Row, 5 cm 2.62 0.30 a 0.90 0.31 5.63 0.56 a 3.56 0.46 
Row, 15 cm 4.07 0.41 b 1.02 0.24 8.36 0.72 b 3.48 0.40 
Across Treatments 2.98 0.19 0.81 0.12 6.15 0.33 3.19 0.20 
•, *•, *** Significant at 0.05,0.01, and 0.001 probability levels, respectively, by an Flest. 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test. 
§ Interactions between treatments not shown were not significant at the P S 0.05. 
Table 2. Ear dry matter of Tohono maize and Hybrid in 1992 and 1993, excluding tiller ears. 
Ear Dry Matter 
(E plant-H 
Tohono Maize Hybrid 
1992 1993 1992 1993 
Treatment§ Mean ± SEt Mean + SE~ Mean ± SE Mean ± 
Pattern 
Hill 56.4 3.6 NS 17.0 2.5 NS 82.9 6.6 b** 24.9 4.2 b* 
Row 62.6 4.1 18.3 2.5 106.0 7.8 a 33.8 5.5 a 
Depth (cm) 
NS 5 58.4 4.0 NS 18.2 2.2 NS 83.0 6.8 b*» 28.3 5.1 
15 60.7 3.8 17.1 2.8 105.9 7.6 a 30.4 4.9 
Irrigation 
3.8 1 60.0 5.8 NS 21.6 4.0 NS 100.8 12.4 NS 27.8 b * 
2 66.4 6.0 19.2 5.0 79.3 12.7 19.2 5.7 b 
3 65.9 7.2 13.0 3.3 106.3 12.4 21.4 6.5 b 
4 52.6 6.7 22.0 3.9 106.8 II.O 62.6 8.4 a 
5 52.6 4.4 12.5 2.8 78.9 9.1 15.8 5.9 b 
Pattern x Depth 
Hill. 5 cm 58.3 5.3 NS 16.6 3.3 NS 82.9 11.3 a ** 24.4 5.1 NS 
Hill. 15 cm 54.6 5.1 17.4 3.9 82.9 7.2 a 25.3 6.9 
Row, 5 cm 58.4 6.3 19.9 3.0 83.1 8.2 a 32.1 8.8 
Row, 15 cm 66.8 5.3 16.8 4.0 128.8 10.5 b 35.5 6.9 
Across Treatments 59.5 2.8 17.7 1.8 94.4 5.3 29.3 3.5 
*** Significant at 0.05, O.Ol, and 0.001 probability levels, resp»5ctively, by an F test. 
t Means followed by different letters are significantly different at the /' ^  0.05 level using Fisher's LSD test. 
§ Interactions between treatments not shown did not differ significantly (P ^ 0.05). 
Cultivars were not significantly different (P < 0.05) in 1992 for Harvest Index without tillers. With tillers, 
their harvest indices were significantly different. 
Table 3a. Harvest indices of Tohono maize in 1992 and 1993, with and without tiller contributions. 
Within year, there were no significant differences anfiong treatments at the P < 0.05 level. 
Harvest Index (Without Tillers) Harvest Index (With Tiilers) 
g Grain a Total Main DM'^ g Grain g Total Plant DM'l 
1992 1993 1992 1993 
Treatmenfi Mean ± SEt Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 0.52 O.OI 0.28 0.03 0.49 0.01 0.28 0.03 
Row 0.55 0.02 0.28 0.03 0.49 0.01 0.27 0.03 
Depth (cm) 
5 0.53 0.02 0.28 0.03 0.50 0.01 0.27 0.03 
15 0.53 0.01 0.29 0.03 0.49 0.0! 0.27 0.03 
Irrigation 
i 0.50 0.02 0.33 0.04 0.45 0.02 0.32 0.04 
2 0.55 0.02 0.27 0.06 0.50 0.02 0.26 0.06 
3 0.55 0.03 0.21 0.05 0.49 0.02 0.20 0.04 
4 0.51 0.03 0.35 0.04 0.50 0.03 0.34 0.04 
5 0.54 0.02 0.26 0.05 0.52 0.03 0.24 0.05 
Across Treatments 0.53 0.01 0.28 0.02 0.49 O.OI 0.27 0.02 
•, *** Significant at 0.05,0.01, and 0.001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test. 
§ Interactions between treatments did not differ significantly {P ^ 0.05). 
TaMe 3b. Harvest indices of Hybird in 1992 and 1993, with and without tiller contributions. 
Harvest Index (Without Tillers) Harvest Index (With Tillers) 
g Grain e Total Main DM'^ g Grain g Total Plant DM'^ 
1992 1993 1992 1993 
Treatment§ Mean ± SEt Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 0.48 0.02 NS 0.18 0.03 NS 0.47 0.02 NS 0.18 0.03 NS 
Row 0.49 0.02 0.21 0.03 0.47 0.02 0.21 0.03 
Depth (cm) 
5 0.46 0.02 NS 0.18 0.03 NS 0.45 0.01 NS 0.18 0.03 NS 
15 0.50 0.02 0.21 0.03 0.49 0.02 0.21 0.03 
Irrigation 
1 0.49 0.02 NS 0.21 0.03 b+* 0.48 0.02 NS 0.21 0.03 b** 
2 0.45 0.03 0.15 0.04 be 0.44 0.03 0.15 0.04 b c 
3 0.47 0.02 0.13 0.04 be 0.46 0.02 0.13 0.04 b c 
4 0.54 0.02 0.39 0.03 a 0.53 0.02 0.39 0.03 a 
5 0.46 0.03 0.10 0.03 c 0.46 0.03 0.10 0.03 c 
Across Treatments 0.48 0.01 0.20 0.02 0.47 0.01 0.19 0.02 
*, **, •*» Significant at 0.05,0.OI, and 0.001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test. 
§ Interactions between treatments did not differ significantly (P < 0.05). 
Table 4. Kp.mel dry weight on 100-kernel basis for Tohono maize and Hybrid in 1992 and 1993. 
Years differed significantly (/> < 0.05). Cultivars did not differ significantly within years. 
Kernel Dry Weight 
g per 100 kemels 
1992 1993 
Tohono Hybrid Tohono Hybrid 
Treatment Mean ± SE Mean ± SE Mean ±SE Mean ±SE 
Pattern 
Hilt 21.3 0.7 NS 24.3 0.7 NS 33.5 1.3 NS 36.5 2.1 NS 
Row 21.4 0.6 23.3 0.5 37.0 1.7 35.3 1.8 
Depth (cm) 
37.3 2.1 NS 5 21,5 0.7 NS 23.7 0.7 NS 34.7 1.5 NS 
15 21.2 0.6 24.0 0.5 35.7 1.7 34.7 1.7 
Irrigation 
36.0 1.9 NS 1 21.8 I.I NS 24.3 0.8 NS 36.0 2.5 NS 
2 21.5 0.7 23.0 1.0 38.6 1.7 29.4 4.2 
3 23.0 0.8 25.0 0.7 33.5 1.5 37.5 5.7 
4 20.3 1.3 25.0 1.1 36.6 1.8 37.8 1.9 
5 20.2 0.8 21.8 1.0 30.2 3.1 35.7 4.3 
Across 
35.8 1.4 Treatments 21.4 0.4 23.8 0.4 35.2 1.1 
NS indicates means not significantly different at the P < 0.05 probability level by an F test. 
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Table 5. Estimated grain yield lost to animal predation in 1993. 
Estimated 
1993 Grain Yield 
Lost to Animal Predationt (%) 
Treatment Tohono Hybrid 
Pattern 
Hill 39 35 
Row 53 34 
Depth (cm) 
5 51 36 
15 40 33 
Irrigation 
1 49 42 
2 49 25 
3 45 48 
4 48 30 
5 36 45 
Across 
Treatments 46 34 
t Loss was calculated with the formula: [1-(measured yield/estimated yield)] 
X 100, with estimated yield based on treatment mean yield components 
calculated with the formula: (grain-bearing ears plant'' x kernel-row ear'^ 
X kernels row"' x dry weight 100-kemels"' x 40,000 plants ha"'). 
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APPENDIX D: 
CHAPTER 2 SUPPLEMENT 
Analyses of Variance 
for Morphological Parameters 
% Plants 
Plant Ear Number Leaf Leaf Leaf Nuumber with Aerial 
Analysis of Height Height of Leaves Area Length Width of Tiiicrs Roots 
Variance 
Significance of F-value^ 
Model 2: 
HQ: Tohono Maize 
= Hybrid 
1992 <0.0001 £0.0001 <0.0001 <0.0001 < 0.0001 < 0.0001 <0.0001 <0.0001 
1993 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Model 3: 
Hq: 1992= 1993 
T-'»ono Maize <0.0001 <0.01 NS <0.01 <0.0001 <0.0001 <0.0001 NS 
Hybrid <0.0001 < 0.0001 NS <0.001 <0.01 <0.01 <0.001 <0.05 
t Reject Ho if ^ 0.05. 
Table la. Plant height, primary ear height, and number of tillers of Tohono maize in 1992 and 1993. 
Plant Height Primary Ear Hctglit Number of Tillers 
cm cm planf^ 
1992 1993 1992 1993 1992 1993 
Treatment Mean ± SEt Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 74 3 NS 55 4 NS 19 1 NS 15 1 NS 2.9 o
 
to
 
NS 0.1 o
 
o
 
**** 
Row 70 3 55 3 17 1 14 2.2 0.1 1.1 0.1 a 
Depth (cm) 
5 72 3 NS 58 3 NS 18 1 NS 14 1 NS 2.6 0.2 NS 0.6 0.1 NS 
15 72 3 52 3 18 1 15 2.5 0.2 0.6 0.1 
Irrigation 
84 3 jj *** 74 4 a * 2J 2 NS 19 2 NS 2.3 0.2 NS 0.4 0.1 NS 
2 75 4 b 50 4 c 21 1 12 2.6 0.3 0.6 0.2 
3 83 4 ab 63 6 b 19 2 19 2.8 0.3 0.8 0.3 
4 56 3 c 50 3 c 14 1 12 2.8 0.3 0.7 0.2 
5 63 2 c 38 4 d 15 1 9 2.3 0.2 0.6 0.2 
Across 
Treatments 72 2 55 2 18 1 14 2.6 0.1 0.6 O.I 
• *** Significant at 0.05,0.01, and 0.001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P S 0.05 level using Fisher's LSD lest. 
Table lb. Plant height, primary car height, and number of tilJers of Hybrid in 1 992 and 1993. 
Plant Height Primary Ear Height Number of Tillers 
cm cm planf^ 
1992 1993 1992 1993 1 9 9 2  1993 
Treatment Mean ± SEt Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
Pattern 
HiH 114 3 NS 69 5 NS 34 J NS 27 2 NS 0.0 0.0 Jj **•* 0.0 0.0 NS 
Row 117 3 72 5 35 1 26 1 0.4 0.1 a 0.0 0.0 
Depth (cm) 
5 112 3 NS 68 5 NS 35 I NS 27 2 NS 0.2 0.1 NS 0.0 0.0 NS 
15 116 3 72 4 34 1 26 1 0.2 0.1 0.0 0.0 
Irrigation 
1 129 3 a * 88 4 39 I a * 29 2 N S  O.I 0.1 NS 0.0 0.0 NS 
2 112 2 b 64 5 32 1 b 23 2 0.1 0.1 0.0 0.0 
3 125 4 a 76 8 39 1 a 33 2 0.4 0.2 0.0 0.0 
4 111 2 b 79 6 31 1 b 24 2 0.2 0.1 0.0 0.0 
5 92 3 c 44 6 31 I b 25 2 0.3 O.I O.I 0.0 
Across 
Treatments 114 2 70 3 34 1 27 I 0.2 0.0 0.0 0.0 
*, **, *** Significant at 0.05, O.Ol, and 0.001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test. 
Tabic 2. Leaf length to width ratio of Tohono maize and Hybrid in 1992 and 1993. Cultivars differ significantly 
(P < 0.05) each year. 
Leaf Length to Width Ratio 
Tohono Maize Hybrid 
1992 1993 1992 1993 
Treatment Mean ± SEt Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 9.52 0.16 9.53 0.19 a**** 7.96 0.09 7.99 0.12 
Row 8.63 0.13 b 8.51 0.15 b 6.99 0.05 b 7.37 0.10 b 
Depth (cm) 
5 9.28 0.17 a ** 8.99 0.18 7.52 0.12 7.81 0.12 a** 
15 8.87 0.15 b 9.05 0.22 7.43 0.11 7.55 0.12 b 
Irrigation 
1 9.46 0.10 9.66 0.36 7.58 0.18 a b ** 7.87 0.13 
2 9.31 0.24 9.27 0.20 7.49 0.13 b 7.58 0.14 
3 8.90 0.35 8.54 0.23 7.80 0.21 a 7.64 0.18 
4 8.88 0.28 8..55 0.29 7.13 0.17 c 7.23 0.16 
5 8.84 0.25 9.06 0.35 7.38 0.18 be 8.09 0.25 
Across 
Treatments 9.08 0.12 9.02 0.14 7.47 0.08 7.68 0.09 
*, **, *** Significant at 0.05,0.01, and 0.001 probability levels, respectively, by an f test. 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test. 
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APPENDIX E: 
CHAPTER 3 SUPPLEMENT 
Analyses of Variance 
for Phenology Parameters 
Analysis of 
Variance 
Days 
to 
Emergence Stand 
Days 
to 
Anthesis 
Days 
to 
suiting 
Anthesis 
to 
Silking 
Interval 
GDD 
to 
Anthesis 
GDD 
to 
Silking 
Significance of f-valuet 
Model 2: 
Ho: Tohono Maize 
= Hybrid 
1992 < 0.05 
1993 < 0.0001 
Model 3: 
Ho; 1992= 1993 
Tohono Maize < 0.01 
Hybrid NS 
<0.05 
<0.01 
<0.01 
NS 
<0.0001 
<0.0001 
<0.0001 
NS 
< 0.0001 
< 0.0001 
<0.05 
< 0.0001 
NS 
s 0.0001 
NS 
<0.0001 
<0.0001 
<0.0001 
NS 
<0.01 
< 0.0001 
<0.0001 
NS 
<0.0001 
t Reject Ho if P ^ 0.05. 
Table la. Number of days to 50% anthesis and 50% silking, and antliesis-to-silking interval of Tohono maize in 
1992 and 1993. 
50% Anthesis 50% Silking Anthesis to Silking Interval 
days after planting days after planting number of days 
1992 1993 1992 1993 1992 1993 
Treatment Mean ± SEf Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 56.1 0.5 NS 48.4 0.6 b**** 58.8 0.5 NS 54.3 0.8 b**** 2.7 0.6 NS 5.9 0.8 NS 
Row 55.8 0.5 55.4 0.6 a 59.4 0.7 59.6 1.0 a 3.5 0.8 4.5 0.9 
Depth (cm) 
5 56.3 0.6 NS 51.5 0.9 NS 59.8 0.4 NS 56.0 0.8 b+ 3.4 0.6 NS 4.5 0.7 NS 
15 55.6 0.5 52.2 0.9 58.4 0.7 57.8 1.2 a 2.8 0.8 5.9 1.0 
Irrigation 
1 54.6 0.6 NS 49.3 l.I NS 57.2 0.9 NS 54.7 1.0 NS 2.6 1.0 NS 5.4 1.1 NS 
2 56.1 0.9 51.7 1.4 59.7 0.6 58.3 1.2 3.6 0.9 6.7 1.0 
3 55.7 0.8 53.1 1.3 57.9 0.9 55.4 1.5 2.3 0.9 2.3 0.8 
4 56.3 0.9 52.3 1.4 61.0 1.0 56.8 1.2 4.7 1.2 4.5 0.9 
5 57.0 0.9 53.1 1.6 59.7 1.0 59.5 2.6 2.4 1.2 7.3 2.3 
Across 
Treatments 55.9 0.4 51.9 0.6 59.1 0.4 56.9 0.7 3.1 0.5 5.2 0.6 
Significant at 0.05,0.01, 0.001, and 0.0001 probability levels, by an F test. 
f Means followed by different letters are significantly different at the P < 0.05 level using Fisher's LSD test. 
Table lb. Number of days to 50% anthesis and 50% silking, and anthesis-to-silking interval of Hybrid in 1992 
and 1993. 
50% Anthesis 50% Silking Anthesis to Silking Interval 
days after planting days after planting number of days 
Treatment 
1992 1993 1992 1993 1992 1993 
Mean + SEt Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 66.2 0.4 a* 64.8 0.5 b*** 70.2 0.6 a* 74.9 0.9 NS 4.0 0.4 NS 10.3 0.8 NS 
Row 64.6 0.6 b 68.3 0.9 a 68.7 0.6 b 75.3 1.0 4.4 0.5 9.3 0.9 
Depth (cm) 
5 65.5 0.5 NS 66.6 0.8 NS 70.1 0.5 * 75.5 1.0 NS 4.8 0.4 a* 10.0 0.9 NS 
15 65.3 0.5 66.3 0.8 68.9 0.7 74.6 0.9 3.6 0.5 b 9.8 0.8 
Irrigation 
1 63.2 0.7 NS 65.9 0.7 NS 67.4 1.1 NS 75.6 1.0 NS 4.3 0.9 NS 10.1 0.8 a** 
2 65.8 0.7 67.8 1.1 69.3 0.8 76.6 1.1 3.6 0.7 10.2 0.7 a 
3 65.3 0.8 66.0 1.5 69.4 0.8 76.7 1.7 4.2 0.7 13.4 1.4 a 
4 65.8 0.7 65.7 1.3 69.5 0.8 71.6 1.5 3.8 0.7 5.9 1.3 b 
5 67.1 I.O 67.1 1.9 71.9 1.1 76.0 2.1 5.4 0.5 II.7 i.2a 
Across 
Treatments 65.4 0.4 66.5 0.6 69.5 0.4 75.1 0.7 4.2 0.3 9.9 0.6 
Significant at 0.05,0.01, 0.001, and 0.0001 probability levels, by an F lest. 
t Means followed by different letters are significantly different at the P ^ 0.05 level using Fisher's LSD test. 
Tabic 2a. Number of growing degree days (GDD) to 50% antliesis and to 50% silking of Tohono 
maize in 1992 and 1993. 
GDD to 50% Anthesis GDD to 50% Silking 
growing degree days growing degree days 
1992 1993 1992 1993 
Treatment Mean ± S E f  Mean ± SE Mean ± SE Mean ± SE 
Pattern 
Hill 670 7 N S  607 g 706 6 N S  683 I O N S  
Row 666 7 697 8a 713 9 749 12 
Depth (cm) 
5 673 7 N S  647 11 NS 719 6 N S  704 I O N S  
15 663 7 656 12 700 9 727 15 
Irrigation 
1 651 8 N S  618 14 NS 685 12 NS 688 13 NS 
2 670 12 649 18 717 8 732 14 
3 664 11 668 17 694 12 697 18 
4 673 12 657 18 734 13 713 15 
5 682 12 667 21 717 13 749 33 
Across 
Treatments 668 5 652 8 710 6 715 9 
**** Significant at 0.05,0.01, 0,001, and 0.0001 probability levels by an F test, 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's 
LSD test. 
Table 2b. Number of growing degree days (GDD) to 50% anthesis and to 50% silking of Hybrid 
in 1992 and 1993. 
GDD to S0% Anthesis GDD to 50% Silking 
growing degree days growing degree days 
Treatment 
1992 1993 1992 1993 
Mean ± SEt Mean ± SE Mean + SE Mean + SE 
Pattern 
Hill 801 6 a* 815 7 5*** 854 7 a* 951 12NS 
Row 781 7b 862 12a 833 8b 957 14 
Depth (cm) 
5 793 6NS 840 11 NS 852 7 a* 959 13 
15 790 7 836 11 836 9b 948 13 
Irrigation 
1 763 9NS 830 9NS 817 14 NS 962 12 NS 
2 796 8 855 15 842 10 974 15 
3 789 10 832 21 843 11 976 22 
4 796 8 828 17 844 10 907 20 
5 813 13 846 25 876 14 965 28 
Across 
Treatments 791 5 838 8 844 6 954 9 
**** Significant at 0.05,0.01,0.001, and 0.0001 probability levels by an F test, 
t Means followed by different letters are significantly different at the P < 0.05 level using Fisher's 
LSD test. 
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APPENDIX F: 
CHAPTER 4 SUPPLEMENT 
Analyses of Variance 
for Porometer Parameters 
Stomatai Transpiration Leaf Leaf-Air 
Analysis of Conductance Rate Temperature Temperature 
Variance 
Significance of F-valueT 
Model 2; 
HQ: Tohono Maize 
= Hybrid 
1992 < 0.0001 < 0.001 <0.30 <0.01 
1993 < 0.0001 < 0.0001 < 0.001 < 0.001 
Model 3: 
Ho: 1992 = 1993 
Tohono Maize <0.0001 < 0.0001 < 0.001 NS 
Hybrid <0.0001 <0.0001 < 0.001 NS 
"l" Reject Ho if ^ 0.05. 
Table la. 1992 Porometer data by week for Tohono maize and Hybrid, averaged across treatments. 
Stomatal Transpiration Leaf Leaf • Air 
Conductance Rate Temperature Temperature 
1992 mmols m-2 s-^ mmols m-2 s-I 
Week Cultivar Mean ± SEf Mean ± SE Mean ± SE Mean ± SE 
5 Tohono Maize 82 1  ()**** 4.0 0.3 b**** 34.0 0.4 a** 0.4 0.1 Q*** 
Hybrid 107 7a 5.3 0.3 a 33.6 0.3 b 0.1 0.1 b 
6 Tohono Maize 43 6 b* 2.2 0.2 b*** 37.6 0.4 NS 1.6 0.1 a* 
Hybrid 64 8a 2.9 0.2 a 37.4 0.4 1.4 0.1 b 
7 Tohono Maize 103 8NS 3.9 0.3 NS 31.9 0.4 NS 0.1 O.I NS 
Hybrid 101 9 4.0 0.3 32.2 0.3 0.3 0.1 
8 Tohono Maize 49 7NS 1.8 0.2 NS 33.8 0.4 NS 0.8 0.1 b** 
Hybrid 44 9 1.4 0.2 34.0 0.4 1.1 O.I a 
9 Tohono Maize 155 9 Q**** 6.0 0.3 a***+ 33.3 0.2 b*** •a 0.1 
Hybrid 11! 9b 4.4 0.3 b 33.8 0.3 a 0.2 O.I a 
10 Tohono Maize 137 8 a**** 5.7 0.3 a+*** 33.7 0.2 b*** -0.1 0.1 5*#** 
Hybrid 78 6b 3.3 0.2 b 34.2 0.3 a 0.4 O.I a 
11 Tohono Maize 128 4.4 0.3 a**** 31.7 0.3 NS 0.2 0.0 b*#* 
Hybrid 104 7b 3.6 0.3 b 31.8 0.3 0.3 0.0 a 
**** Significant at 0.05, 0.01, 0.001, and 0.0001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P < 0.05 level. 
Table lb. 1993 Porometer data by week for Tohono maize and Hybrid, averaged across treatments. 
Stomatal Transpiration Leaf Leaf • Air 
Conductance Rate Temperature Temperature 
1993 mmols m-2 s-t mmols m-2 s-^ ^^ 
Week Cultivar Mean ± SEf Mean ± SE Mean ± SE Mean ± SE 
5 Tohono Maize 88 IONS 4.3 0.4 NS 37.0 0.4 NS 0.2 0.2 NS 
Hybrid 90 7 4.6 0.3 36.7 0.3 0.1 0.1 
6 Tohono Maize 20 2 b*** 1.4 0.1 b**** 40.0 0.3 NS 1.5 0.1 NS 
Hybrid 27 2a 1.9 0.1 a 40.1 0.2 1.6 O.I 
7 Tohono Maize 84 9NS 2.8 0.3 b* 32.9 0.4 NS 0.4 0.1 NS 
Hybrid 91 10 3.1 0.3 a 33.0 0.4 0.4 0.1 
8 Tohono Maize 49 5 a**** 2.3 0.2 a**** 34.8 0.2 b* 0.3 0.0 b*** 
Hybrid 32 4b 1.5 0.1 b 35.2 0.3 a 0.5 0.0 a 
9 Tohono Maize 81 7 4.4 0.3 a**** 36.6 0.3 b** 0.2 0.1 b*** 
Hybrid 45 4b 2.5 0.2 b 36.9 0.3 a 0.4 0.0 a 
10 Tohono Maize 68 5 a**»* 2.5 0.2 a*+** 32.2 0.3 b**** 0.3 0.0 b**** 
Hybrid 38 4b 1.4 O.I b 32.7 0.3 a 0.5 O.I a 
11 Tohono Maize 47 5 a**** 2.4 0.2 a**** 36.1 0.3 NS 0.3 0.1 b**** 
Hybrid 23 3b 1.4 0.2 b 36.4 0.3 0.6 0.1 a 
*•** Significant at 0.05, O.OI, 0.001, and 0.0001 probability levels, respectively, by an F test. 
t Means followed by different letters are significantly different at the P <, 0.05 level. 
Table 2a. 1992 phenological stage during porometer data collection by week for Tohono 
maize and Hybrid, averaged across treatments. 
Leaf Stage Anthesis Silking 
Fully-Expanded Leaves % of Plants 
Week Cultivar Mean± SEt Mean± SE Mean± SE 
5 Tohono 6.6 0.07 a**** 0.0 0.0 NS 0.0 0.0 NS 
Hybrid 6.2 0.05 b 0.0 0.0 0.0 0.0 
6 Tohono 7.7 0.10 a**** 1.1 0.8 NS 1.1 0.8 NS 
Hybrid 7.1 0.06 b 0.0 0.0 0.0 0.0 
7 Tohono 10.1 O i l  a * * * *  18.3 3 1 a**** 7.2 1.8 a**** 
Hybrid 8.8 0.09 b 0.0 O.Ob 0.0 O.Ob 
8 Tohono 11.7 0.12 a*** 62.2 4 2 a**** 32.8 4.2 a**** 
Hybrid 11.0 0.18b 0.0 O.Ob 0.0 0,0 b 
9 Tohono 12.8 0.14 b**** 88.3 2.8 a**** 84.4 3 3 a**** 
Hybrid 14.8 0.23 a 33.3 4.8 b 6.1 2.3 b 
10 Tohono 13.1 0.16 b**** 99.4 0.6 a* 98.9 0.8 a**** 
Hybrid 17.4 0.13 a 94.4 2.1b 63.3 4.4 b 
11 Tohono 13.4 0.16 b**** 100.0 0.0 NS 100.0 0.0 a**** 
Hybrid 17.6 0.08 a 99.4 0.6 90.6 2.5 b 
Significant at 0.05, O.OI, 0.001, and 0.0001 probability levels, respectively, by an F 
test. 
t Means followed by different letters are significantly different at the P < 0.05 level. 
Table 2b. 1993 phenological stage during porometer data collection by week for Tohono 
maize and Hybrid, averaged across treatments. 
1993 
Leaf Stage 
Number of 
Fully-Expanded Leaves 
Anthesis 
% of Plants 
Silking 
% of Plants 
Week Cultivar Mean± SEf Mean± SE Mean± ; SE 
5 Tohono 
Hybrid 
6.57 
6.31 
0.08 a*** 
0.06 b 
0.00 
0.00 
0.00 NS 
0.00 
0.00 
0.00 
0.00 NS 
0.00 
6 Toiiono 
Hybrid 
7.52 
6.92 
0.11 a**** 
0.08 b 
0.60 
0.00 
0.60 NS 
0.00 
0.60 
0.00 
0.60 NS 
0.00 
7 Tohono 
Hybrid 
9.70 
8.25 
0.18 a**" 
0.12b 
22.20 
0.00 
3.20 a**** 
0.00 b 
6.70 
0.00 
2.10NS 
0.00 
8 Tohono 
Hybrid 
11.52 
9.84 
0 19 a**** 
0.23 b 
61.70 
0.60 
3.50 a**** 
0.60 b 
51.10 
0.00 
4.10 a**** 
0.00 b 
9 Tohono 
Hybrid 
12.52 
13.06 
0.17 NS 
0.30 
83.30 
18.30 
3.20 a**** 
2.90 b 
66.70 
2.20 
4 00 
1.30 b 
10 Tohono 
Hybrid 
13.13 
15.44 
0.14 b**** 
0.30 a 
91.70 
67.20 
2.00 a**** 
4.20 b 
77.20 
18.90 
3.80 a**** 
3.90 b 
11 Tohono 
Hybrid 
12.83 
16.25 
0.17 b**** 
0.30 a 
90.60 
83.90 
3.20 NS 
3.20 
77.20 
49.40 
4.10 a**** 
5.10b 
Significant at 0.05,0.01, 0.001, and 0.0001 probability levels, respectively, by an 
F test 
t Means followed by different letters are significantly different at the P < 0.05 level. 
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Irrigation Regime 
Fig. 1. Mean stomatal conductance and SE by irrigation regime 
for Tohono maize (circles) and Hybrid (squares) in 
1992 and 1993. 
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Irrigation Regime 
Fig. 2. Mean transpiration rate and SE by irrigation regime for 
Toliono maize (circles) and Hybrid (squares) in 1992 
and 1993. 
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Irrigation Regime 
Fig. 3. Mean leaf temperature and SE by irrigation regime 
for Tohono maize (circles) and Hybrid (squares) 
in 1992 and 1993. 
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Irrigation Regime 
Fig. 4. Mean leaf-air temperature and SE by irrigation regime for 
Tohono maize (circles) and Hybrid (squares) in 1992 
and 1993. 
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APPENDIX G: 
ADDITIONAL OBSERVATIONS 
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This appendix briefly describes observations not included in chapters. These 
observations were not quantified or otherwise documented, but may provide useful information 
for future investigations. 
Leaf Involution and Bulliform Cells 
Shortly after flowering in 1992, the leaf at the apical ear of the main culm was detached 
from three plants of each cultivar. These plants were located in plot border areas in Irrigation 
1. Leaf surfaces were promptly examined under a dissecting microscope. This cursory 
examination showed that Tohono maize had more extensive files of bulliform cells on its leaf 
surfaces than did Hybrid. Bulliform cells may have a water-storage role, as well as 
involvement in leaf involution. 
Seedling Traits 
Seedlings of Tohono maize tended to be a blue-green color until about the V4 stage 
each year. Tohono maize seedlings were easily distinguishable from Hybrid seedlings by their 
more blue hue and narrowness of their leaves. Perhaps Tohono maize seedling leaves produce 
a waxy bloom. 
Roots 
At the end of the growing season in 1992 and 1993, approximately five plants of each 
cultivar were extracted from the soil to examine their roots. These plants were from plot border 
areas in Irrigation 1 in 1992, and from Irrigation 3 in 1993. Both years, differences in roots 
between the cultivars were observed. Tohono maize roots were less fibrous than those of 
Hybrid, and appeared to grow more vertically, with fewer roots in the upper 15 cm of soil. 
These observations support assertions that Tohono maize roots grow more deeply. 
